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PREFACE 

The value of the mental training obtained by solving 
algebraical problems and geometrical riders has so 
long been acknowledged that these form an essential 
part in all mathematical teaching. Although similar 
practice is quite as necessary in studying physical 
science, it is by no means equally easy for the student 
of physics to obtain it, for only the more recent text- 
books contain any numerical examples, and these 
are generally insufficient in number and not carefully 
graduated. It is quite common to find students who 
have a correct knowledge of the general principles of 
physics, and can apply it intelligently in making a 
physical measurement, but who are yet unable to 
solve an easy problem or to calculate the results of 
their experimental work. 

There can be no doubt that the best way of 
acquiring the necessary practice is by means of a 
regular series of quantitative experiments in the 
laboratory carried on side by side with the more 
general work of the lecture-room ; but such concur- 
rent work is not always practicable, especially with 
large classes and in the earlier stages. Just as the 
student of dynamics has at first to confine his atten- 
tion to questions of a more or less ideal nature, so in 
some departments of experimental physics (for example 
in electrostatics) the beginner must for a while content 
himself with somewhat theoretical problems in place 
of laboratory work. 



vi PREFACE 

The examples in the present book (amounting to 
over one thousand in number) consist for the most 
part of questions and problems framed for the use of 
the Junior and Middle Physics Classes at the Aber- 
ystwyth College. To these have been added (at the 
end of each chapter) questions from various College, 
University and Scholarship papers of recent years. 
A list of some of the more important examination 
papers from which these have been selected will be 
found on page 45, and the source from which each 
question is taken is in every case acknowledged. A 
considerable number of typical examples have been 
solved, and answers (with occasional hints for solution) 
will be found at the end of the book. Explanatory 
paragraphs have been inserted in the hope of giving 
assistance where experience seemed to show that it was 
most needed, but I have endeavoured not to trench 
upon the recognised province of the text-books. 

The book has not been written with a view to the 
requirements of any special examination, but I have 
made use of portions of the MSS. in teaching classes 
of students taking the Intermediate Science and Pre- 
liminary Scientific Courses of the London University, 
and believe it will be found suitable for students who 
are preparing for these examinations. 

For assistance in reading proofs and working out 
answers my best thanks are due to Mr. B. B. 
Skirrow, B.A., of the Mason Science College, Birming- 
ham'; to my assistant, Mr. R. W. Stewart; to Mr. F. W. 
Shurlock, B.A., of the Carmarthen Training College ; 
and to one of my students, Mr. A. H. Leete. 

D. E. JONES. 

University College, Aberystywyth, 
August 1888. 
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ERRATA. 

Page 25, Ex. 17, for velocity read acceleration. 
Page 27, Ex. 40, for 56 lbs. read 49 lbs. 
Page III, £x. 117 (last line), for 50** C. read — 50** C. 
Page 112, Ex. 119 (last line), y&r volume read pressure. 
Page 127, 6th line from \>o\.\qv(\, formsQ read nut. 
Page 153, Ex. 5, for 4 yards read 4 feet. 

(ANSWERS.) 

Chap. I. (p. 247), 42. for 18 feet read 16 feet. 63, for 9*5 gm. 
read i4'58 gm. 

Chap. II. (p. 250), 78, sp. gr. of solid = o»s; of liquid = 2. 66, 
Resultant pressure = 62 '5 lbs. 

Chap. III. (p. 252), 48, /?r i32*'«3 read i3i°'7. 

Chap. IV. (p. 253), 48, for 6*25 gm. read 625 gm. 

Chap. V. (p. 254), ^,for 10^® read 10^. 29. /<?r 24,396 units read 
24,124*4 units. 47, for 2-85 read 2*87. 

Chap. VI. (p. 255), 26, for i ft. i in. read ^ ft. VI, for inverted 
read erect. 

Chap. VII. (p. 256), 1, 341 metres per sec. 7, 32*4 cm. 
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EXAMPLES IN PHYSICS 



INTRODUCTION 

1. Units. — In order to measure any physical quan- 
tity, we have first to select as our um'f, or standard of 
reference, a quantity of the ^ame kind as that to be 
measured. The ratio between the quantity and the 
selected unit is called the numerical value or measure of 
the quantity. Suppose that we have to measure a 
definite length /, and that we adopt as our unit a length 
L : the numerical value {n) of the length to be measured 
will be 

/ 

where n may be any number, whole or fractional. 

2. Fundamental Units. — All physical quantities 
can be expressed in terms of three fundamental units, 
the choice of which depends upon the ease and certainty 
with which the standard quantities so selected can be 
compared with other quantities of the same kind. We 
might choose as our fundamental quantities a definite 
length, a definite force, and a definite interval of time : 
other units, such as those of mass and work, could be 
deduced from these. But on account of the difHculty 
of devising a permanent standard of force, the value of 
which would not change from place to place^ such a 
choice would not be advisable. 

B 
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The fundamental units usually adopted are those of 
lengthy mass, and time; these three elements can be 
measured with great accuracy, and standards of length 
and mass can easily be copied, and compared with the 
original standards. 

THE C.G.S. System of Units. 

A committee of the British Association has recom- 
mended the adoption of the centimetre, the gramme, 
and the second as the three fundamental units. Other 
units derived from these are distinguished by the letters 
"C.G.S." prefixed, these being the initiar letters of the 
three fundamental units. 

3. Derived Units. 

Velocity, — ^The C.G.S. unit of velocity is the velocity 
of a point which moves over one centimetre in a 
second* 

Acceleration. — The C.G.S. unit of acceleration is 
that of a point whose velocity increases by one 
unit per second. The numerical value of the 
acceleration due to gravity {g) is 978* 10 at the 
equator, 980*94 at Paris, 981 '17 at Greenwich, 
and 983' II at the pole. 

Force, — The C.G.S. unit of force is that force which, 
acting upon a mass of one gramme for a second, 
generates in it a velocity of one centimetre per 
second. 

Special names are given to some of these units ; 
thus the C.G.S. unit of force is called the dyne. 
Assuming the value of ^ to be 981 (as we shall 
do throughout), we see that a dyne is ^|^ of the 
weight of a gramme. 

W^rk and Energy. — The C.G.S. unit of work is the 
work .done by a dyne acting through a distance 
of one centimetre, and is called an erg. The 
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same tiame is applied to the unit of energy^ for 
energy is measured by the amount of work which 
it represents. Since the weight of a gramme is 
98 1 dynes, the work done in raising one gramme 
vertically through one centimetre against the 
action of gravity is 981 ergs. 

Practical Units and Index Notation, — In any uniform 
system some of the units must be inconveniently large, 
while others are so small that the quantities with which 
we have to deal are represented by very large numbers. 
Electricians find it convenient to use a system of '* prac- 
tical units," each of which bears to the corresponding 
C.G.S. unit a ratio which is some multiple or sub- 
multiple of 10. Thus'the volt is equal to 100,000,000 

C.G.S. units of potential; the farad is ^ of 

^ 1,000,000,000 

the C.G.S. unit of capacity. The prefixes mega- and 
micro- are used to signify "one million" and "one- 
millionth part " respectively. Thus a megadyne is a 
force of one million dynes ; a microfarctd denotes a capa- 
city of one-millionth of a farad. 
When very large or very small numbers have to be expressed, 
it is convenient to adopt the index system of notation, in 
which numbers are expressed as the product of two 
factors, the second of which is a power of 10 ; and it is 
usual to choose the factors so that the first contains only 
one integral digit. Thus the velocity of light, which 
is 300,400 kilometres per second, is expressed as 
3*004 X \c^ centimetres per second. A megad3me is 

10^ dynes ; a farad is io~* ( = -^) and a microfarad is 

io~" C.G.S. unit of capacity. 

Power^ Activity^ or Rate of doing Work, — The 
C.G.S. unit of power is the power of doing work 
at the rate of one erg per second. The corre 
sponding practical unit, called the "Watt, is the 
power of doing work at the rate of lo^ ergs per 
second. A horse-power is equal to 746 watts. 

Pressure, — The C.G.S. unit of intensity of pressure 
is a pressure of one dyne per square centimetre. 
It would be convenient if the pressure of a 
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megadyne per square centimetre' (lo^ C.G.S. 
units) were adopted as the normal atmospheric 
pressure : this standard would correspond to a 
barometric height of 7 5 centimetres, but, as com- 
pared with any barometric standard, would have 
the advantage of being independent of the value 
of^. 
Heat, — The C.G.S. unit of heat is the amount of heat 
required to raise the temperature of a gramme 
of water through one degree centigrade. The 
dynamical equivalent of one heat-unit in ergs is 
4-2 X lo"^ : this quantity is called the mechanical 
equivalent of heat or " Joule's equivalent," and 
is usually represented by the letter J. 

4. O.G.S. Eleotrostatio Units. 

Quantity, — The unit quantity of electricity is that 
quantity which, when placed (in air) at a distance 
of one centimetre from an equal and similar 
quantity, repels it with a force of one dyne. 

Potential, — Unit difference of potential exists between 
two points when the work done against the elec- 
trical forces in moving unit quantity of electricity 
from the one point to the other is one erg. 

Capacity, — A conductor is said to have unit capacity 
when a charge of one unit of electricity raises its 
potential from zero to unity. 

Magnetio Units. 

Strength of Pole, — A magnetic pole is said to have 
unit strength when it repels an equal and similar 
pole, placed at a distance of one centimetre from 
it, with a force of one dyne. 

Strength of Field. — A magnetic field is said to have 
unit intensity (or strength) when a unit magnetic 
pole placed in it is acted upon by a force of 
one dyne. 
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. Eleotro-xnagrnetio Units. 

Current, — The unit of current is that current 
which, when flowing along a wire one centi- 
metre in length bent into the form of a circu- 
lar arc of one centimetre radius, acts with a 
force of one dyne upon a unit pole placed at the 
centre of the circle. 

Quantity, — The electro-magnetic unit of quantity is 
the quantity of electricity which in one second 
passes any section of a conductor in which unit 
current is flowing. 

Electromotive Force or Difference of Potential, — Unit 
electromotive force ^ exists between two points 
when the work done against the electrical forces 
in moving unit quantity of electricity from the 
one point to the other is one erg. 

Resistance, — A conductor is said to possess unit 
resistance when unit difference of potential be- 
tween its ends causes unit current to flow through 
it. 

Capacity, — A conductor has unit capacity when a 
charge of one unit of electricity raises its poten- 
tial from zero to unity. 

- 6. Practioal Units. — The following system of units, 
based upon the CG.S. electro -magnetic units, was 
devised by the British Association committee, and is in 
general use among practical electricians. It will be 
noticed that in this system the units Of current, electro- 
motive force, and resistance have been chosen so as to 
be of suitable magnitude for the electrical measurements 
which most frequently occur. 

Current and Quantity, — The practical unit of current 
is the ampere, and is one-tenth (lo*"!) of the 
C.G. S. electro-magnetic unit of current. It follows 



1 Usually contracted into " E.M.F,' 
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that the oouloxnb, or practical unit of quantity, 
is also one-tenth of the corresponding C.G.S. 
unit. 

Electromotive Force, — The practical unit of E.M.F. 
is called the volt, and is lo^ C.G.S. units. This 
is a little less than the electromotive force of a 
Daniell cell, the E.M.F. of a standard Daniell of 
the Post-0£fice pattern being i .08 volt. 

Capacity, — ^A conductor is said to have a capacity of 
one farEui when it is charged to a potential of 
one volt by a coulomb of electricity. The farad 
is 10"^ of the C.G.S. electro-magnetic unit of 
capacity. 

Resistance, — ^A conductor is said to possess a resist- 
ance of an ohm when a difference of potential of 
one volt between its ends causes a current of one 
ampere to flow through it. The ohm is therefore 
equal to 10^ C.G.S. units of resistance. 

Material standards, intended to represent the ohm 
as above defined, were issued by the B.A. com- 
mittee, but their resistance is now found to 
be somewhat too small : and, for the sake of 
distinction, these standards and the copies of 
them which have since been made are known as 
"B.A. Unita" According to the best deter- 
minations of Lord Rayleigh and others 

I B.A. unit =0*987 true ohm. 

The B.A. unit has the same resistance as a column 
of mercury one square millimetre in cross-section 
and 104*8 centimetres long; whereas the true 
ohm would probably be represented by a column 
io6«2 centimetres long. 

At the International Conference of Electricians held 
at Paris in 1884, it was agreed that the resistance 
of a column of mercury 106 centimetres long 
^nd I square millimetre in section, at the tempera- 
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ture of melting ice, should be adopted as the 
legal ohm. 

6. COiaxisre of Units. — We have seen (§ i) that thie; 
numerical value n of a. length / is given in terms of the 
unit-length L by the equation. 

«=i. ..... (I) 

Here we notice, in the first place, that the numerical 
value of a concrete quantity varies directly as the 
quantity itself, and inversely as the unit employed in 
measuring it From equation (i) we have — 

/=«L (2) 

This, second equation gives us a complete expression 
for the length /, an expression which consists of two 
parts — the first being a number (;{), and the second a 
quantity (L) of the same kind as that under consideration, 
and which we call the unit. Our everyday expressions 
for all physical magnitudes are, in fact, phrases which 
consist of a numerical and a denominational part ; thus 
we speak of a length of ten yards, and we say that ten 
yards are equal to thirty feet. This last statement 
involves a change of units, — a process which is perfectly 
easy when we have only to deal separately with units of 
length, mass, or time ; but which becomes more difficult 
when two or more of the units have to be simultaneously 
changed. In dynamical problems which involve a 
change of units, it is usual to change the units one at 
a time ; but this process becomes very laborious when 
the fundamental units are involved in a complex manner 
in those derived from them, as is the case with most 
electrical units. In proceeding with the general theory 
of units, we shall consider first, as a simple example, 
the principle involved in the statement that 

lo yards =30 feet. 
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' Let / denote, as before, the length to be measured and 
n its numerical value when L is the unit of length. We 
wish to find its numerical value ri when the unit-length 
is L'. Now 

« = l^, and n' =—, 

:, /=«L=//'L', 

or ii'=«x^. 

The value of the quantity H, which is the ratio of the 

first upit-length to the second, is called the change-ratio 
from the first system to the second. It is the factor by 
which the numerical value of the quantity in the first 
system must be multiplied in order to obtain its numeri- 
cal value in the second system. In the case under 
consideration 

L _ yard _ 3 feet _ 
L'"" foot" I foot"^' 
and 

.-. //=;fx^,=»x 3= 10x3=30. 



Dimensions of Physical Quantities. 

7. Velocity. — We shall next consider how the 
measure of a velocity changes when the units by which 
it is measured are changed (using, as above, thick letters 
to represent units, and italics to represent the concrete 
quantities). Let V denote the unit of velocity based 
upon L and T as the units of length and time, V the 
unit of velocity in a second system in which the units of 
length and time are L' and T' ; and let v denote a 
concrete velocity such that a space / is described in the 
time /. 

If n denote the measure (or numerical value) of this 



§ 7] DIMENSIONS OF PHYSICAL QUANTITIES 



velocity in terms of the unit V, and n' its value in 
terms of the second unit VS then 



(2) 



ii=r^, and «'=»77 . . . . (l) 

or ^-„V=«'V'. 

Now the measure of a velocity is the number of units 
of space ^-) described in unit time, 

• • ft — I — T s, or w= |- • — » 

and n = l'~T" °' " =17 ' T 

From equations (i) and (2) we have 

V=» • -J . =1, and y'szv'Y ' Y'' 

But 

z;=«V=ii'V', 
L / , L' 






which may be written in the form 

L ,L' . . 

Equation (3) enables us to find the measure («') of 
the velocity in the second system, when the relations 
between the fundamental units L and L', T and T' are 
known. Comparing it with the equation 

nM=n'V .... (4) 

we see that the unit of velocity varies directly as the 
unit of length, and inversely as the unit of time. This 
is usually expressed by saying that the dimensions of the 
unit of velocity are of one degree in length, and 
minus one degree in time ; or that the dimensions of 

velocity are ^ or LT~*. 
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It should be noticed that - is not a number, or a 

ratio in the strict Euclidean sense ; it would, perhaps, 
be better to write it in the form L/T, the solidus or mark 
/ standing for the word per. It is in this sense that the 

symbol ^ is used : it indicates that in measuring a 

velocity .we have to divide (not in the usual, but in a 
more extended sense) a length by a time. When, 
therefore, we write 

we mean that the unit of velocity (V) is such that the 
space L is described per time T. 

8. Aooeleration. — Proceeding yrith this reasoning 
we shall find that in acceleration time is involved twice. 
For acceleration is measured by the increase of velocity, 
per unit time ; so that if A denote the unit of acceler- 
ation, A is equal to V per T, or = V/T, and since we 
have already seen that 



it follows that 



A = V = i 



We can arrive at the same result more formally as 
follows : — 

Let A,V,L and T represent respectively the units of 
acceleration, velocity, length and time in one system, 
A'»V'iL' and T' the corresponding quantities in a second 
system ; and let a denote an acceleration such that the 
velocity v is generated in the time /. If « be the 
measure of the quantity in the first system, 

a 
»=— . 

A 

But the measure of an acceleration is the number of 
units of velocity generated per unit of time, so that 
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_v , t __v T 



and similarly 



na 



or 



But since the quantity measured in both systems is 
the same, we have, 

a=nA=in'A' * . . - (5) 
and 

V / , V / 

. v__ y 

T T 

« • fa^'^'n • • • • (6) 

A comparison of equations (5) and (6) shows that the 
unit of acceleration varies directly as the unit of length 
and inversely as the square of the unit of time ; in other 

words, that its dimensions are ^ or LT~*. 

The following example will illustrate the way in which 
these equations are applied : — 

Ex. I. Express the acceleration due to gravity in 
terms of the mile and the hour as the units of length and 
time, its value being 32 when the foot is the unit of 
length, and the second the unit of time. 

From (6) we have directly 

L T'2 



«' = ^-L'- f^' 



an equation which gives us the required measure («') 
in the new system, when the relations between the 
fundamental units in the old and new systems are known. 
In the example « = 32, 
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L foot I foot 



L' mile (1760x3) feet 5280 
T_ hour _ 36oosec9nds _^^ 
T "second^ I second 

/. «' = 32 X ^ X <36oo)« = 78545 -45- ^ 

O. Force, "Work, and Power. — Before proceeding to 
g^ve the dimensions of other derived units in mechanics, 
it may be well to point out the considerations which 
determine the' choice of any new* unit based upon the 
fundamental quantities or upon derived units which have 
already been fixed. We shall take the unit of force as 
our example. 

According to the second law. of motion, force is 
measured by the change of momentum which it pro- 
duces, i,e» 

• /ec (rate of change of wz;), 

.*. /oc may 

(where a denotes acceleration), or 

f=.k'nta. 

The units of mass and acceleration are already fixed, 
but we may make the unit of force whatever we please, 
and it will obviously be most convenient to choose it so 
that the constant multiplier k shall be equal to unity. 
Our equation will now become 

f=ma. 

Now suppose m and a to be each equal to unity ; then/ 
will also be equal to unity. Thus our unit of force (F) is 
defined as being that force which produces unit accelera- 
tion in unit mass. We may therefore write 

F=MA, 
but 

A=^ 
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• '• F — -j-2 — M LT t 
an equation which gives the dimensions of force. 

Since work is measured by the product of force into 
the distance through which the force acts, the dimensions 
of work will be those of force multiplied by length, or 

W=MLT-«xL=MLn-«. 

The power (or activity) of an agent is measured by 

the rate at which it does work ; hence the dimensions of 

power are 

MLn-2 _..,___ 

Knowing the dimensions of these quantities, we can 
perform the change of units without going through the 
lengthy reasoning of ^ 7 and 8 ; we shall indicate the 
general method to be followed, but it will be best under- 
stood by reference to the actual examples given. [See 
also equations (5) and (6) in § 8.] 

Let g be any concrete quantity, and let its measure be 
n in terms of the unit Q, which is based upon the funda- 
mental units M, L, andT ; we wish to find its measure 
n' in a new system in terms of the unit Q' which is 
based upon M', L', and T'. Since the quantity meas- 
ured in both systems is the same, 

g=nq = n'q' . . . . (7) 

Let the dimensions of Q be M^L^T^ ; substituting 
for and Q' in equation (7) we have 

^=«M*L'r=»'- M''Ln'% 

"■-(s)'(c)'(t)'. ■ ■ w 
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Ex. 2. Find the number of dynes in a pounded {the 
poundal being the British absolute unit of force ^ based 
upon the pounds foot, and second). 

Referring to equations (7) and (8) we see that, since 
«=i, the required number n' \s the change -ratio or 
multiplier for changing from British to C.G.S. units of 
force. The dimensions of force are MLT^, so that 
Arr= I, j/= I, and 2"= — 2. T and T', the units of time, 
are the same (one second) in both systems. 

M pound - 

inr=£—-— =453-6, 
M gramme '^^ 

L foot o 

L centimetre "' 

:. «'=4S3.6 X 30-48= 13825-8. 

Ex. 3. Find the value of a horse-power in watts, a horse- 
power being equivalent to SSO foot-pounds per second, and 
the value of g being 32.18. 

As the foot-pound is a gravitation unit, we shall first 
have to reduce to the corresponding absolute unit by 
multiplying by g — 

550 foot-pounds =550 X 32.18 foot-poundals. 

The dimensional equation for finding the equivalent 
rate of working in C.G.S. units (ergs per second) is, 

550 X 32. 18 X M L2T-3= «' X M'L'3T'-8. 

The units of tinie (T and T') are the same in both 
systems ; and, as in Example 2, 

1^ = 453.6, and -j-; = 30.48, 

.-. ;/=550x 32.18 X 453-6 X (30-48)2 
= 745-8 xio^ 

Thus I horse-power = 745-8 x 10^ ergs per second, or 
(since i watt =10^ ergs per second) 

= 745*8 watts. 
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10. Masnetio and Eleotrioal Unita — The 
dimensions of the most important of these are given 
below, and it will be useful practice for the student to 
deduce them from the corresponding physical laws, as 
we have done in the preceding articles. 

Dimensions of Magnetic Units. 

Strength of magnetic pole . . . M'L'T" 
Magnetic moment of magnet . . M'L'T" 
Strength of magnetic field . . M^L~^T~^ 

Ex. 4. The dimensions of magnetic intensity (or 

strength of field) are M^L T , and the horizontal 
intensity of the earth^s magnetic force at Aberystwith is 
0.1774 ^^ CCS, units: what is its value in British 
(foot-grcnn-second) units f 

The intensity is the same, whatever units we employ 
to measure it. Let x be its numerical value in the 
British system, in which the unit of field intensity is H', 
the corresponding unit in the C.G.S. system being H ; 
then 

0-1774 H=j:H', 

or 0-1774 M* L-^T-^=a:IVI'* L'--*T'-\ 

and • -=«>'774(^)*(t^)"*(I.)" • 

No3v since i gramme == 15.43 grains, and i foot = 
30-48 centimetres, 

M gramme , L centimetre I 

M^ = i;^E" = '543, and ^=_^^_^-=_^, 

and the units of time (T and T') are the same in both 
systems. 

Thus ;r=o.i774x(i5.43)*x^^^) , 

=0.1774 X VI5-43 X 30-48 =3-847. 
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Ex. 5. Assuming Couloml^s law (the law of inverse 
squares), to find the dimensions of the unit of quantity in 
the electrostatic system. 

According to the law of inverse squares, the force 
exerted between two bodies charged with quantities q 
and q' of electricity, and situated at a distance d from 
one another, is proportional to the product of the charges 
and inversely proportional to the square of the distance. 
Choosing our unit of quantity in accordance with the 
definition of § 4, we may write this in the form 

If we suppose that q' = q, we have q^ = d^f or 
q = d*^f so that the dimensions of the unit of quantity 
are L>< VKTlTn or MiL^T"'- 

Dimensions of Electrostatic Units. 



Quantity of electricity 
Electrostatic potential 
Capacity 

Strength of current 
Resistance . 



M* LiT-' 
M* L*T-' 

L 
M* LiT-' 



Dimensions of Electro-magnetic Units. 

Strength of current . . . M* L*T~^ 

Quantity of electricity . . M^ L* 

Potential or EM. F. . M* L'T"' 

Resistance L T~^ 

Capacity . . . L'^T* 

11. Approximate Oaloulationa — Arithmetical 
working may often be abbreviated by devices such as 
the contracted methods of multiplication and division of 
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decimals. The degree of approximation to which the 
calculation must be carried out depends upon the 
accuracy of the data given. Physical measurements are 
never absolutely correct. If, then, we have to calculate 
out the results of an experiment made by a method 
which is liable to an error of (say) one in a thousand, it 
would be, labour thrown away to carry out the calcula- 
tion to more than four or five significant figfures. Now 
it frequently happens, in working out the results of 
physical experiments, that the " uncorrected result " has 
to be multiplied by one or more correcting factors (each 
nearly equal to unity) in order to obtain the "cor- 
rected result ; " and it is to the manipulation of these 
factors that the student's attention is now directed. 

Suppose that the experiment under consideration con- 
sists in measuring the distance between two points by 
means of a steel metre scale, the length of which at 0° C. 
is known to be i '000 5 7. metre; and suppose further 
that the measurement is carried out at a temperature of 
1 5** C. The steel scale expands on heating, and its 
length at 15° is greater (Chap. III.) than its length at 
o** in the ratio of i-oooiS to i. If the uncorrected 
distance, as determined by direct measurement, is d^ 
then the true distance (corrected for error of scale and 
error through temperature) will be 

^ = flr(i+a)(i+/3), 
where i +a= 1-00057, and i +/3= i*oooi8. 

Now (i + a) (i +13)= I -H a -H jS + a^ ; and since 
a = o.ooo57 and ^ = o-oooi8,aj3 = 0*000,000, 102 6, so 
that the error caused by neglecting this last term would 
only be i in 10,000,000. The measurement itself would 
probably not be correct to i in 1,000,000, so that we 
may safely adopt the approximatiouj and write 

d' = d{l+a+p) = dxl'0007S. {q,p.) 

c 
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Again, suppose that in reducing our observations we 

have to multiply the uncorrected result by -^ • (This 

correcting factor occurs in reducing observed barometric 
heights to o° C, and other examples of its use are given 
in Chap. III.) By ordinary algebraical division we have 



•We have already seen that if both a and jS are small 
quantities compared with unity, their product may be 
neglected ; and the same is true for a^ and /^, 

Thus ^^=l+a-^. (g.p.) 

Ex. 6. Find correctly to three decimal places the 

« 

value of 

.- ^ I'002I7 

15.24 X L. 

1*00192 

I-002I7 

J^;^^^ = 1+0.00217 -0.00192, (^./.) 

= 1.00025, and therefore 

I.00217 

15.24 X 1.= 15.24 X 1.00025, 

I.OOI92 

= 15-24 + (15-24 X 0.00025), 
= I5»24 + 0.000381 = 15.24381. 

The answer, correctly to three decimal places, is 
15.244. 

The student can easily verify for himself the following 
results, which are approximately correct when the 
quantities a and ^ are small compared with unity (so 
that their squares and higher powers may be ne- 
glected). 
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Table of Approximate Relations. 

(i + a)(i+/3)=i+tt+/3 

(l+a)(l-/3) = l+a-/3 

(l+o)3=i+2tt (l-a)«=i-2tt 

(i + a)»=i+3a (i-a)»=i-3tt 

1 I 



= l-a ^— ^ = i+a 

= I+a-/3. 



l+a i-a 

I + a 



I+/3' 

12. Use of Logarithms. — It is proved in treatises on algebra 
that different powers of any fixed number can be multiplied by 
adding tc^ether the indices of those powers. We may assume 
that a list can be drawn up, giving the indices of the powers of 
some fixed number which are equal to every whole number, say 
from I to 10,000. Such a list is called a table of logarithms, and 
the fixed number is called the dose of the system of logarithms : 
we may therefore define the logarithm of a number to a given 
base as being the index of that power of the base which is equal 
to the given number. Thus if dF=», then x is called the loga- 
rithm of n to the base a. 

From motives of convenience the number 10 is chosen as the 
base of the common system of logarithms, and a table will be 
found at the end of this book giving the decimal parts (to four 
places) of the common logarithms of numbers from i to 9999. 

To find the Logarithm of a Number from the Table, — The first 
two figures of the number are to be found in the left-hand 
column, and the third in the first series of figures (o to 9) in the 
top column ; the number opposite the first two figures, and 
below the third, is the decimal part of the logarithm. When 
the number whose logarithm is required contains four figures, 
the fourth figure is to be looked for in the second series of figures 
(I to 9) in the top column ; the proportional part, which is 
found opposite the first two figures and below the fourth, is to 
be added to the part of the logarithm already found, the right- 
hand figure of the proportional part being added to the right- 
hand figure of the logarithm. 
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The int^^ral part of a logarithm is called the charactenstic ; 
the decimal part is called the mantissa. 

The characteristic of the logarithm of a number may be de- 
termined by inspection. For 

10^=1, 10^=10, 10^=100, etc., 

and it therefore follows that the Ic^rithm of any number be- 
tween I and 10 is a positive decimal fraction : the logarithm of 
any number between 10 and 100 lies between i and 2, and the 
logarithm of any number between 100 and 1000 lies between 2 
and 3. Hence the rule : — 

(I.) The characteristic of the logarithm of a number greater 
than unity is one less than the number of integral figures in thai 
number. Thus 

log 3-14 = 0.4969 
log 31.4 =1-4969 
log 314 =2.4969 
1(^ 3140 =3.4969. 

Again, since 10® = i, and io~i = o.i, it follows that the loga- 
rithm of any number between o and Q.i is a negative decimal 
fraction, and may therefore be written in the form — 

- I + a decimal fraction. 

Similarly the logarithm of any number between 0*1 and 0.0 1 
{i,e, between lO"! and 10-2) may be written in the form — 

* 

- 2 -t- a decimal fraction, 

the decimal part being always kept positive. Hence the rule : — 
(2.) The characteristic of the logarithm of a number less than 
unity is negative, and is one more than the number of cip/iers 
immediately following the decimal point. 

Thus the Ic^rithm of 0.314 is - I -t- 0.4969, which is abbre- 
viated thus: T.4969 ; the logarithm of 0*0314 is 2.4969, and 
so on. 

The operation of multiplication is performed by adding to- 
gether the Ic^arithms of the numbers which are to be multiplied : 
the sum is the logarithm of their product. . Division is performed 
by subtracting the logarithm of the divisor from that of the 
dividend : the remainder is the logarithm of the quotient. The 
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manner in which these operations are carried out, and the 
method of finding a number when its logarithm is given, will be 
best explained by an example. 

Ex. 7. To find the value of P^^-T^^^^ by the use of four. 
' -^ -^ (2-54)2 X 13600 "^ '' 

place logarithms, 

log 453*6 =2.6567 , , , xo 

log 30.48=1.4840 log(2-54r 

=2 log 2.54 

log dividend =4-1407 = 2 x 0-4048 = 0-8096 

log divisor = 4.943 1 log 1 3600 = 4. 1 335 

log quotient =1.1976 log divisor =4-9431 

0*1976 is not one of the logs given in the table : the next 
lower one is 0.1959, which is the log of 1.57. Now 0.1976 
-0.1959 = 0.0017. Looking along the row (in which the Ic^ 
is given) for 17, we find that it stands in a column headed by 
the figure 6, and this is the fourth figure of the number. Lastly, 
by rule (2), we see that T. 1976 = log o. 1576. The value of the 
fraction is therefore 0.1576. 

A full account of the methods of logarithmic calculation will 
be found in Chambers's Mathematical Tables y and these may be 
used for more accurate work ; but the table of four-place loga- 
rithms at the end of this book will be found sufficient for work- 
ing out most of the problems given. 



The student is advised to practise the methods of 
approximation indicated in § 11, and to make himself 
thoroughly familiar with the use of logarithms, as a large 
amount of arithmetical calculation will thus be avoided. 

In working out examples he should aim at something 
more than merely getting a correct numerical answer : 
diagrams or rough sketches should be given wherever 
they render the solution more intelligible, and formulas 
should not be quoted without explanation unless the rela- 
tions which they express are perfectly well known and 
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easily remembered In particular, every step in the 
reasoning should be carefully thought out and clearly 
explained, for the solution of problems is not so much 
an end itself as a means of acquiring a thorough and 
intimate acquaintance with physical laws. 



CHAPTER I 

DYNAMICS 

Note, — In all the examples, excepting where otherwise stated, 
the numerical value of ^ is taken as 981 when the centimetre 
and second are the units of length and time, and as 32 when 
the foot is the unit of length. 

The abbreviation cm, is used for centimeire(s), 
„ gm, „ gratnmt{s). 

,, c,c, ,, cubic cetitimetre(s). 

In examples on change of units, the following (approximate) 
relations may be assumed — 

I foot = 30*48 cm. 
I inch = 2*54 cm. 
I pound = 453-6 gm. 

1. State and discuss Newton's First Law of Motion, 
and show that it provides us with a definition of force. 

2. Enunciate Newton's Second Law ; state the 
exact meaning of the phrase *' change of motion" as 
used by him, and explain how the law enables us to 
measure forces. 

3. Starting from Newton's Second Law of Motion, 
show how to obtain a definition of the C.G.S. unit of force 
(the dyne). If the weight of a gramme be taken as the 
unit of force, what is the unit of mass ? 

4. A force of 2 5 units acts upon a mass i o : find the 
acceleration produced, and the space described in 30 
seconds from rest. 
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6. A force of loo dynes acts upon a mass of 25 
grammes for 5 seconds : what velocity does it generate ? 

6. A constant force acting upon a mass of 30 grammes 
causes it to move through 10 metres in 3 seconds, start- 
ing from rest : what is the value of the force in dynes ? 

7. A force of 1,000,000 dynes acts upon a body for 
I o seconds, and gives it a velocity of a metre per second : 
find the mass of the body in grammes. 

8. How long must a force of 5 units act upon a body 
in order to give it a momentum of 3000 units ? (The 
unit of momentum is that of a gramme moving at the 
rate of one centimetre per second.) 

9. During what time must a constant force of 60 
dynes act upon a kilogramme in order to generate in it 
a velocity of 3 metres per second ? 

10. What force acting upon a mass of 50 grammes 
for one minute will produce a velocity of 45 centimetres 
per second ? 

11. A body moving with uniform velocity in a circle 
is commonly said to be acted on by " centrifugal force." 
Discuss the correctness of this expression, stating whether 
the quantity referred to is really a force. Is its action 
centrifugal ? 

12. State and explain Newton's Third Law of Motion, 
and give examples of its application. If the earth at- 
tracts the moon with a force F, what is the attraction 
exerted by the moon upon the earth ? 

13. The mass of a gun is 2 tons, and that of the shot 
is 14 lbs. The shot leaves the gun with a velocity of 
800 feet per second : what is the initial velocity of the 
recoil ? 

14. A 56-lb. shot is projected with velocity v from a 
gun, the mass of which (together with its carriage) is 6 
tons. Express, in terms of z/, the velocity of recoil of 
the gun. 

15. Do you consider weight to be an essential 
property of matter ? State clearly what distinction you 
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would draw between mass and weight; and illustrate your 
remarks by reference to the force required (i) to open 
a large iron gate, well balanced and swinging upon good 
hinges, and (2) to lift up the same gate when lying on 
the ground. 

16. Explain what is meant by <* the acceleration due 
to gravity." If its numerical value be 32 when the 
unit of length is the foot and the unit of time the second, 
what is its value when the unit of length is the yard 
and the unit of time the minute ? (See § 8, Ex. i.) 

17. A 4-0Z. weight is suspended from a spring-balance 
which is carried in a balloon; what will be its apparent 
weight as sho\\Ti by the index (i) when the balloon is 
ascending with an uniform acceleration of 8 feet per 
second, (2) when it is descending with a velocity of 16 
feet per second ? 

18. What do you understand by the phrase ** weight 
of a pound"? The British unit of force (called a 
poundal) is defined as being that force which, acting 
upon a pound mass for one second, generates in it a 
velocity of one foot per second : how many poundals are 
there in a pound weight ? 

19. Explain the distinction between gravitation 
measure and the absolute measure of force. Show also 
how the one may be expressed in terms of the other, 
finding, for example, the number of dynes in a gramme 
weight. 

20. Express the weight of 10 kilogrammes in dynes, 
and the value of a dyne in terms of a gramme weight. 

21. Calculate the value of a pound weight in dynes. 
(See note on p. 23.) 

. 22. A force of 980 dynes acts vertically upwards 
upon a body of mass 5 grammes, at a place where^= 98 1 : 
find the acceleration of the body. 

: 23. A force equal to a weight of 10 lbs. acts upon 
a mass of 25 lbs.: what is the acceleration produced, 
and what momentum will be generated in 5 minutes ? 
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« 

24. A body of mass 6 lbs. is acted upon by a force 

of 30 poundals : find its velocity and momentum at the 
end of half a minute. 

25. A spring-balance is carried in a balloon which is 
ascending vertically. Find the acceleration of the balloon 
when a half-pound weight hung upon the spring-balance 
is found to indicate 9 ounces. 

26. By what number would the acceleration due to 
gravity be expressed, if the day and the mile were the 
units of time and length ? 

27. If the unit of length were the yard, the unit of 
time the minute, and the unit of mass a mass of 10 lbs., 
what would be the value of the unit of force in terms 
of the poundal ? 

28. A certain force acts upon a mass of 1 50 grammes 
for 10 seconds, and produces in it a velocity of 50 
metres per second : compare the force with the weight 
of a gramme. 

29. A force equal to the weight of one pound acts 
upon a ton : what acceleration is produced, and what 
will be the velocity at the end of 10 seconds ? 

30. A certain force acts upon a mass m and generates 
in it an acceleration a : find the weight which the force 
would statically support. 

81. A spring-balance is graduated at a place where 
^=32*3 ; at another place where^= 32, a body is tested 
and the balance indicates 8 oz. : what is the correct 
mass of the body } 

82. A certain force acting on a mass of 14 pounds 
for 10 seconds generates in it a velocity of 128 feet per 
second. Compare the force with the weight of one 
pound, and determine the acceleration which it would 
produce in a mass of one ton. 

83. An 18-ton truck is moving at the rate of 30 
miles per hour : what is its momentum ? (Take the 
foot and pound as the units of length and mass.) 

34. Compare the momentum of a 1 5 -lb. cannon-ball 
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moving at the rate of 300 feet per second, with that of a 
3-0Z. bullet which has a velocity of 700 yards per second. 
36. In what time will a velocity of 45 miles per hour 
be generated in a train of 80 tons, if the engine exerts 
upon it a pull equal to a weight of 2 tons ? 

36. If a body of mass 10 kilogrammes be acted upon 
for one minute by a force which can statically support 
125 grammes, what momentum will it acquire ? 

37. A body of mass 4 lbs. is observed to be moving 
at a rate of 8 feet per second ; at this instant a constant 
force begins to act upon it in the direction of its motion, 
and after 20 seconds its velocity has increased to 24 feet 
per second. Determine the magnitude of the force, and 
explain clearly what unit of force you employ in your 
solution. 

38. Compare the amounts of momentum in (i) a 56-lb. 
weight which has fallen for 2 seconds from rest, and (2) 
a cannon-ball of 1 2 lbs. moving with a velocity of 900 
feet per second. 

39. If the mile be taken as the unit of length, and 
the acceleration caused by gravity as the unit of acceler- 
ation, what will be the unit of velocity ? 

40. A 7 -lb. weight hanging over the edge of a smooth 
table drags a mass of 56 lbs. along it : find the acceler- 
ation, and the distance moved through in 5 seconds 
from rest. 

41. A falling weight of 162 grammes is connected 
by a string to a mass of 1 800 grammes lying on a smooth 
flat table : find the acceleration, and the tension of 
the string. 

42. A mass of 3 lbs. is drawn along a smooth 
horizontal table by a mass of 6 oz. hanging vertically : 
calculate the space described in 3 seconds. 

43. A force of 30 dynes acts for 1 2 seconds upon a 
body resting on a smooth horizontal plane, and imparts 
to it a velocity of 120 centimetres per second : what is 
the mass of the body ? 
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44. A mass of 1 5 lbs. lying on a smooth flat table is 
acted upon by a force of 60 poundals : how far will it 
move in 6 seconds ? 

46. A body of mass 10 is connected with another 
body of mass 6 by a string passing over a frictionless 
pulley : find the acceleration and the distance moved 
through in 4 seconds. Show how such an arrangement 
could be employed for finding the value of ^, and explain 
why the method would be better than that of experi- 
menting with a freely falling body. 

46. Weights of 1 4 and 2 1 lbs. are hung on the ends 
of a rope passing over a pulley: find the tension in the 
rope in pounds weight and in poundals. 

47. Two masses of 100 and 1 20 grammes are attached 
to the extremities of a string passing over a smooth 
pulley : if the value of ^ is 975, what will be the velocity 
after 8 seconds ? 

48. Two unequal masses are attached to the ends of 
a string passing over a smooth peg: find the ratio 
between them in order that each may move through 16 
feet in 2 seconds, starting from rest. 

49. Two buckets, each weighing 28 lbs., are suspended 
from the ends of a rope passing over a windlass ; a 
gallon (10 lbs.) of water is poured into one of the buckets : 
find how far it will descend in 10 seconds, neglecting 
friction. 

50. Describe Atwood's machine, and explain how it 
may be used to prove — 

(a) That when different forces act upon the same mass 

the accelerations observed are proportional to 

the forces. 
(d) That when the force is constant the accelerations 

are inversely proportional to the masses. 
(c) That the space described in n seconds from rest 

is proportional to n^. 
What other experimental method has been devised for 
testing the last proposition ? 
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51. The sum of the two weights in an Atwood's 
machine is 2 lbs., and the difference between them is an 
ounce ; find the acceleration and the space- described in 
the first second. 

52. In an experiment with Atwood's machine the 
masses were 520 and 480 grammes; in 2 seconds from 
rest the heavier mass descended 76 centimetres. What 
value does this give for the acceleration of gravity ? If 
your result differs from the usual value, suggest any 
cause for the difference. 

53. The two equal masses in an Atwood's machine 
are each 100 grammes ; what excess weight must be 
placed upon one of them in order that, at the end of 3 
seconds, it may be descending with a velocity of 2 
metres per second ? 

54. By means of an Atwood's machine a force equal 
to the weight of 10 grammes was made to act upon a 
mass of 500 grammes, and it was found that an acceler- 
ation of 1 9*6 cm. per second was produced. Find the 
value of ^. 

&&, A train starts from rest on a level line and moves 
through 1200 feet in the first minute. It then begins 
to ascend an uniform incline, up which it is found to 
run with uniform velocity : find the inclination of this 
portion of the line on the supposition that the engine 
exerts a constant pull 

6G, A body of mass m moves with uniform velocity 
^' in a circle of radius r. Prove that a force ^ is re- 
quired to keep it in its circular path, and that this force 
is directed along the radius and towards the centre. 

57. A body of mass 2 lbs. is attached to the end of 
a string a yard long, and is whirled round at an uniform 
rate, making twenty revolutions in a minute : what is the 
tension in the string ? • 

6&i A mass of a kilogramme is connected to a fixed 
point by a string one metre in length, and whirls round 
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in a circle once a second : find the tension of the string 
n terms of the weight of a gramme. 

50. Assuming that there are 86,164 seconds in a 
sidereal day, and that the earth's mean equatorial radius 
is 3962 miles ; calculate (in feet per second) the acceler- 
ation of a point on the equator. 

60. Starting from the result of the preceding problem, 
discuss the effect of the earth's rotation upon a spring- 
balance which is used to weigh the same body (i) at the 
pole, (2) at the equator ; and show that if the earth 
revolved about seventeen times as fast as it now does, a 
body on the equator would have no apparent weight 

6L Prove, by any method, that the time of a complete 

oscillation of a simple pendulum is 27r /i when the 

amplitude of oscillation is indefinitely smalL 

62. Find the value of ^ at a place where the length of 
the seconds pendulum is 0*994 metre. 

[N,B. — A seconds pendulum is one which makes half a complete 
^^ oscillation in a second.] 

63. A pendulum i o feet in length makes ten complete 
oscillations in 35 seconds: what is the value of^ at the 
place? 

64. Supposing a pendulum to be constructed to beat 
seconds at a place where ^=^950 ; how would its length 
have to be altered in order to make it beat seconds on 
the surface of the moon, where ^= 1 50 ? 

65. Show that a pendulum of one metre in length 
would beat seconds if the value of ^ were 987. 

GQ, What is the value of g at Greenwich, where the 
length of the seconds pendulum is found to be 39-14 
inches, and what is the length of a pendulum which loses 
I o minutes a day at this place ? 

67. The bob of a pendulum can be raised by means 
of a screw which has thirty threads to the inch ; if the 
pendulum loses 5 minutes a day, how many turns of the 
head of the screw must be made in order to correct it ? 



1] WORK 31 

{Assume that the pendulum keeps correct time when its 
length is 39 in.) 

68. Enunciate the law of universal gravitation, and 
give an account of the method of measuring the attrac- 
tion between two spheres, devised by Mitchell, and carried 
out by Cavendish. 

60. How did Newton prove that the weight of a body 
is proportional to its mass ? Describe the nature of his 
experiment, and explain how he deduced his conclusions. 

70. Assuming the preceding proposition, and the third 
law of motion, show that it follows immediately that the 
attraction between two gravitating masses is directly 
proportional to the product of these masses. 

71. Prove that a spherical shell exerts no attraction 
upon a particle placed within it. You may assume 

(a) That the area of a transverse section of a cone 
of small aperture varies as the square of the 
distance from the vertex. 

{&) That a transverse section has a smaller area than 
an oblique section at the same distance, in the 
proportion of the cosine of the angle between 
them. 

72. Prove that a uniform spherical shell attracts an 
external particle as if its whole mass were condensed at 
its centre. 

"Work. — When the point of application of a force F 
moves through a distance s in the direction of the force, 
the work (W) done is 

W = Fj. 

If the force is measured in {fynes (see § 3) and the 
distance in centimetres^ the work will be expressed in 
ergs. 

If the force is measured in poundals and the 
distance in feet, the work will be expressed in foot- 
poundals. (A poundal, or British absolute unit of force. 
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is that force which, acting upon a mass of one pound, 
generates in it an acceleration of one foot per second in 
a second.) 

When the unit of force is one which depends 
upon the intensity of gravity, the work is expressed in 
gravitation-units, whose value varies from place to place. 
By way of distinction, the erg and the foot-poundal are 
called absolute units. The engineer's unit of work — the 
foot-pound — is a gravitation-unit ; it represents the work 
done at any place in raising a pound weight vertically 
through a distance of one foot at that particular place. 
A foot-pound is equal to g foot-poundals ; or, taking 

^=32, 

I foot-pound = 32 foot-poundals. 

Since half an ounce is ^ of a pound, the foot-poundal 
about corresponds to the work done in raising half an 
ounce through a vertical distance of one foot. 

The kilogramme-metre (which is the French en- 
gineier's unit of work) is the work done in raising the 
weight of a kilogramme through a vertical distance of 
one metre against the force of gravity. It is open to the 
same objections as the foot-pound, viz. that its value varies 
from place to place and from level to level 

The gramme - centimetre is the work done in 
raising a granmie weight through a vertical distance of 
one centimetre; at a place where ^=981, the weight of 
a gramme is 981 dynes, and a gramme-centimetre is 
equal to 981 ergs. 

73. Find the work done by a force of 50 dynes acting 
through a distance of 2 metres. 

Here F = 5o, 

s=2. metres = 200 cm. 
The work done is 

W = Fj = 50 X 200 = 10,000 ergs. 

74. How much work is done in raising a weight of 
one ton through a vertical height of 5 yards ? 
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I ton = 2240 lbs., 
and 5 yards =15 feet. 

Expressed in foot-pounds, the work done is 

2240x15 = 3360. 
Expressed in foot-poundals, the work is 

2240 X 15 X 32 =107520 (taking^ =32). 

76. The weight of a tram-car is 8 tons, and the 
resistance due to friction encountered in moving it is 
equal to one -sixteenth of the weight of the car: how 
much work is done in a run of 4 miles ? 

The resistance to motion = weight of ^ ton, 

= weight of 1 120 pounds. 

The distance through which this force is overcome is 

4 miles = 4x1 760 X 3 feet, 
= 21120 feet. 

The work done (expressed in gravitation-units) is 

1 1 20 X 2 1 1 20 foot-pounds = 23,654,400 foot-pounds. 

76. Assuming that a person walking on level ground 
does work equivalent to the raising of his own weight 
vertically upwards through one-twentieth of the distance 
walked, find (in foot-tons) the average daily work done 
by Weston in his walk of 5000 miles in 100 days, his 
weight being 9 stone 2 lbs. 

The average daily walk was 50 miles, and the average daily 
work was equivalent to the raising of his own weight 
through 

50 ., SOX 1760x3 ^ «« r 

^ miles = ^ ' feet = 50 x 88 x 3 feet. 

20 20 •* "^ 

The weight raised was 9 stone 2 lbs. = 128 lbs. Hence the 
average daily work, in foot-tons, was 

50X88X3X i28 _ 528o _ 2^ 
112x20 ~ 7 "" ' ^^7* 

77. A mass of 12 kilogrammes is raised through a 
vertical height of 8 metres : express the work done in 
gramme-centimetres, and convert this into ergs. 

D 
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78. A man can pump 30 gallons of water per minute 
to a height of 1 6 feet : how many foot-pounds of work 
does he do in an hour ? 

70. An agent A exerts a force equal to a weight of 
50 lbs. through a distance of 120 feet, and another agent 
B exerts a force equal to a weight of 1 80 lbs. through 
90 feet. What is the ratio between A's work and B's ? 

80. A ladder 20 feet long rests against a vertical wall 
and is inclined at an angle of 30° to it : how much work 
is done by a man weighing 1 3 stone in ascending it ? 

81. A body of mass 3 lbs. is projected vertically 
upwards with a velocity of 640 feet per second : how 
much work has been done against gravity when it has 
ascended to half its maximum height ? 

82. How much work would be done in lifting 8 kilo- 
grammes to a height of 12 metres above the surface of 
the moon, where ^ is 150? 

83. Two masses M and M^ are acted upon by the 
same force for the same time : find the relation between 
(i) the amounts of momentum generated in the masses, 
(2) the amounts of work done upon them. 

84. A body of mass 1 2 lbs. rests upon a horizontal 
plane, the coefficient of friction between it and the plane 
being 0-14: find the work done in moving the body 
through a distance of 4 yards along the plane. 

B3, If the plane in the preceding question were 
inclined at an angle of 30° to the horizontal, how much 
work would have to be done in order to move the body 
3 yards along it ? 

86. Calculate, in foot-tons, the work done in moving 
a railway train weighing 1 20 tons through a distance of 
2 miles along a level line, assuming that the resistances 
amount to 12 lbs. for every ton in motion. 

87. If we change from a foot -pound -second to a 
yard-pound-minute system, in what ratio must we alter 
the unit of work ? 

88. Find the work done in drawing a carriage of 20 
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tons up an incline one mile in length and rising i in 120, 
the coefficient of friction being yj^. 

89. The cylinder of a steam-engine has a diameter 
of 6 inches, and the piston moves through a distance of 
10 inches : find the work done per stroke, assuming 
the pressure of the steam in the cylinder to be constant 
and equal to 30 lbs. per square inch. 

90. Two bodies of 80 lbs. and 60 lbs. are raised 
through heights of 100 feet and 50 feet respectively. 
Calculate the total amount of work done, and show that 
it is equal to the work which would be done in raising 
the sum of the weights through a vertical distance equal 
to that through which their centre of gravity is raised. 

91. Assuming the result indicated in the preceding 
question, and taking the weight of one cubic foot of water 
as 62*5 lbs. ; find how much work must be done in order 
to empty a well 10 feet in diameter and 200 feet deep, 
filled to the brim with water. 



Enerfiry. — The energy of a body is the power which 
it possesses of doing work. When it possesses this 
power in virtue of its position (as when it is raised above 
the level of the ground) the energy is called statical or 
potential energy. When it possesses the power of 
doing work in virtue of its motion, the energy is called 
kinetic energy (K.E.) 

The weight of a body of mass m granmies is mg 
dynes ; if the body be raised to a height of h centimetres 
above the level of the ground, the work which it can do 
in falling is mgh ergs, or 

The potential energy of a body of mass m^ raised to a height h^ 

is mgh. 

If ;;i is expressed in pounds and h in feet, the product 
7ngh will be the measure of the energy in foot-poundals ; 
but expressed in foot-pounds the measure of the energy 
will be nth simply. 



«• 
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Now if a body be projected vertically upwards with a 
velocity 7/, it will rise to a height A, such that 

Multiplying each side of this equation by — , we have 

\fn7/^=fngh. 

But mgh represents the work which would have to 
be done in order to raise the body to the height h ; and 
this amount of work is done by the body in virtue of the 
energy of motion, or kinetic energy, which it possessed 
on starting ; hence 

The kinetic energy of a body of mass m moving with a velocity v 

is ^mj^, 

[It should be noticed that since 

i(2)xi2=i, 

the unit of kinetic energy is that possessed by two units 
of mass moving with unit velocity {not that possessed 
by unit mass moving with unit velocity.)] 

02. A reservoir contains water at a height of 200 feet 
above the ground : what is the potential energy of the 
water in foot-pounds per gallon ? 

The potential energy of each pound of water in the reservoir 
is 200 foot-pounds, and one gallon of water = 10 lbs. Hence 
the potential energy per gallon is 10 x 200= 2000 foot-pounds. 

93. What is the potential energy of a mass of 25 
kilogrammes raised to a height of 40 metres above the 
ground ? 

Its energy = 25 x 40 kilc^ramme-metres, 
= 1000 kilogramme-metres, 
= 1000 X 10* gramme-centimetres, 
= 981 X 10* ergs. 

94. A stone of mass 6 kilogrammes falls from rest at 
a place where ^=980: what will be its kinetic energy 
at the end of 5 seconds ? 
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The velocity acquired in 5 seconds will be 

z;=^x 5 = 980x5 = 4900, 
and since 6 kilos. =6000 gm., 

K.E. =^ X 6000 X (4900)2= 7.203 X lo" ergs. 

96. What is the K.E. of a body of mass 16 lbs. 
moving with a velocity of 50 feet per second ? 

Expressed in foot-poundals the K.E. of the body is 

i X 1 6 X (50)2 = 20,000. 

Since one foot-pound = 32 foot-poundals, the K.E. in foot- 
pounds is 

20,000 , 

— =625. 

32 ^ 

[We might have commenced by defining kinetic 
energy as being the value of the product \fnv^ ; then 
proceeding, as follows, to show that this quantity is a 
measure of the work which a body can do in virtue of 
its motion : — 

Suppose a body of mass m moving with a velocity u 

to be acted upon by a force F in the direction of its 

motion, and let the acceleration produced by this force 
If 

be a = — . After the body has moved through a space s 
its velocity v will be given by the equation 

Multiplying each term in this equation by — , we have 

^mv^ = \ mu^ + mas. 

But since F = ma, mas=¥s^ and ¥s is the work done 
by the force F acting through the space s. Thus the work 
done by the force is measured by the increase of kinetic 
energy which it produces ; or, 

[K.E. at any time] = [initial K.E.] + [work done by acting 

force]. 

If the force acts upon the body in a direction opposite 
to that of its motion, it resists its motion and diminishes 
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its kinetic energy: the + sign in the equation must be 
changed to — , and we now have 

[K.E. at any time] = [initial K.E.] — [work done against resist- 
ance]. 

Both theorems are expressed in the statement that the 
work done by the force is equal to the change of kinetic 
energy which it produces. 

One case of the second theorem is of special import- 
ance. Suppose the body to be brought to rest by the 
resistance ; the final K.E. = o, 

.'. o = [initial K.E.]— [work done against resistance], 
or, 

[Initial K.E.] = [work done against resistance]. 

Thus we have shown that the kinetic energy {^mv^) 
of a body is a measure of its capacity for doing work.] 

96. A train is moving at the rate of 1 5 miles an hour 
when the steam is cut off. Supposing the resistance 
due to friction etc. to amount to ^ of the weight of the 
train, find how far it will travel before it comes to rest. 

15 miles an hour = 22 feet per second. 

If the mass of the train be m lbs., its kinetic energy (in foot- 
poundals) is 

= — X(22)2. 



2 2 
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The resistance is equal to the weight of r- pounds 

= {m/64) x^poundals, 

= mf2 poundals (taking ^=32). 

If the train travels x feet, the work done is (m/2) x x foot- 
poundals ; and, since it is brought to rest by the resistance, 
this must be equal to its kinetic energy, 

. *. (w/2) X x = {m\2) X (22)2, 
and 

jr=484. 

Thus the train travels 484 feet before coming to rest. 
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07. A bullet of loo grammes is discharged with a 
velocity of 400 metres per second from a rifle, the barrel 
of which is one metre in length. Calculate the energy of 
the bullet when it leaves the muzzle, and the mean force 
exerted by the powder upon it. 

The kinetic energy of the bullet is 

^ X 100 X (40,000)2= 8 X 10*0 ergs. 

The energy acquired by the bullet is equal to the work d6tte 
upon it (by the expansion of the powder) as it travels down 
the barrel. Let F denote the mean force, in dynes, exerted 
by the powder ; then, since F^ = Jwz/^, 

Fx 100 = 8 X loW, 
or 

F = 8 X 10^ dynes. 

98. A girl weighing 6 st 6| lbs. skips 6 inches high 
fourteen times. Show that the energy thus spent would 
suffice to stop a thief weighing 131^ stones and running at 
the rate of 10 miles an hour. 

13^ St. = 189 lbs., and 10 miles an hour = 44/3 feet per 

second. 

Thus the kinetic energy of the thief (in foot-poundals) is 

i X 189 X (44/3)2= i X 21 X Ii2 X 42. 
Again the work done by the girl is 

14 X [work done in raising 9of lbs. through ) foot] 
= 14 X ^ X 363/4 foot-pounds, 
or, in foot-poundals (taking g= 32), 

= 7 X 363 X 8 = 7 X 3 X Ii2 X J of 42=K.E. of thief. 

09. Express (t) in foot-pounds and (2) in foot- 
poundals the potential energy of a mass of 5 tons 
raised to a height of 10 yards above the ground. 

100. A sack of flour weighs 2 J cwt. : to what height 
must it be raised in order that its potential energy may 
be 9240 foot-pounds ? 

101. A 4-0Z. bullet is projected vertically upwards with 
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a velocity of 800 feet per second : what is its potential 
energy when it has ascended to its maximum height ? 

102. A mass of 24 kilogrammes is raised to a height 
of 1 6 metres : find its energy (in ergs). 

103. A kilogramme weight is suspended from the 
lower end of a string 2 metres long so as to form an 
approximately simple pendulum : calculate, in ergs, the 
energy of the bob of this pendulum when it is held so 
that the string makes an angle of 60° with the verti- 
cal. 

104. What is the energy of a mass of 5 kilogrammes 
moving with a velocity of 50 metres per second ? 

105. A cannon ball of 10 kilogrammes is discharged 
from a gun with a velocity of 300 metres per second : 
express its kinetic energy in ergs. 

106. Calculate the momentum and the K.£. of a mass 
of 5 cwt. after it has fallen through a vertical distance of 
8 feet. 

107. A stone of mass 3 lbs. is thrown vertically 
upwards with a velocity of 96 feet per second : what is 
its kinetic energy at the end of 2 seconds ? 

108. A 5 -lb. stone is thrown vertically up and at the 
end of the first second is moving upwards at a rate of 64 
feet per second : calculate its kinetic energy at the moment 
when it reaches the ground. 

109. A mass of 50 lbs. starts from rest under the 
action of a constant force and acquires a velocity of 1 2 
feet per second in 2 seconds : what force acts upon it, 
and what will be the kinetic energy acquired at. the end 
of the fifth second ? 

110. A loo-gramme bullet strikes an iron target with 
a velocity of 400 metres per second, and falls dead : 
how much kinetic energy is lost ? 

111. A body of mass m is moving with a velocity such 

that its K.E. is e ; show that its momentum is yTime, 

112. A mass of 50 kilogrammes starts from rest under 
the action of a force, and some time afterwards is observed 
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to be moving with a velocity of i o metres per second : 
how many ergs of work have been done upon it ? 

113. How many foot-pounds of work must be done on 
a mass of one ton in order to give it a velocity of 1 5 miles 
an hour? 

114. The mass of a pendulum-bob is 100 grammes, 
and the string is a metre long. The bob is held so that 
the string is horizontal, and is then allowed to fall : find 
its kinetic energy when the string makes an angle of 30** 
with the vertical. 

115. A shot travelling at the rate of 200 metres per 
second is just able to pierce a plank 4 cm. thick : what 
velocity is required to pierce a plank 1 2 cm. thick ? 

Assuming that the resistance offered by the plank is uniform, 
it follows from the equation 

that the thickness which the shot can penetrate is pro- 
portional to the square of its velocity. If a shot moving 
with velocity v can pierce a plank of thickness t, and a 
shot moving with velocity v' can pierce a plank of thick- 
ness /', then 

In the above example 

z/'* = (200)* X 1 2/4 = 1 20,000, 

and therefore the required velocity is 346'4 metres per 
second. 

116. If a bullet moving with a velocity of 1 50 metres 
per second can penetrate 2 cm. into a block of wood, 
through what distance would it penetrate when moving 
at the rate of 450 metres per second ? 

117. What is the energy of a train of 40 tons moving 
at the rate of 30 miles an hour ? What force, acting for 
30 seconds, would be sufficient to bring the train to rest? 

118. A stone of mass 3 lbs. falls from rest for 2 
seconds, when it comes in contact with a flat roofing- 
slate, which it smashes, thereby losing two-thirds of its 
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velocity : how much energy does it lose by breaking the 
slate ? 

110. Compare the amount of kinetic energy in (i) a 
boulder of one hundredweight which has fallen for one 
second from rest, and (2) a one-pound projectile moving 
with a velocity of 800 feet per second. 

120. A bullet of 90 grammes leaves the muzzle of a 
gun with a velocity of 500 metres per second. If the 
barrel be 1 20 centimetres long, find the mean pressure 
exerted by the powder upon the bullet. 

121. A railway carriage contains forty passengers, whose 
average >*'eight is 140 lbs. If the carriage itself weighs 
6 tons, and is moving at a rate of 30 miles an hour, what 
is its kinetic energy ? 

122. A body of mass m moves under the action of a 
force F through a space j in a straight line, which is 
inclined at an angle Q to the direction of the force : if v 
be the velocity generated, show that Ys cos Q = \mv^, 

123. A 20 -lb. cannon ball falls through a vertical 
distance of 1 600 feet : what is its energy ? With what 
velocity would it have to be projected from a cannon in 
order to possess an equal amount of energy ? 

124. Two inelastic balls moving in opposite directions 
come into collision ; the one has a mass 10 and velocity 
50, the other a mass 50 and velocity 10 : what is their 
total kinetic energy before and after impact, and what 
has become of the energy apparently destroyed ? 

126. A body of mass 56 lbs. starts from rest under 
the action of a constant force, and acquires a velocity of 
64 feet per second while moving through a space of 1 60 
feet : find the acting force and the work done by it. 

126. A constant force acts upon a body for 20 
seconds, doing 10 units of work upon it, and generating 
in it during the same time 30 units of momentum : find 
the mass of the body and the velocity which it will have 
acquired. 

127. The bob of a simple pendulum is let go when the 
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pendulum is inclined at an angle of 60° to the vertical. 
Compare its kinetic energy after describing an arc of 30° 
with its K.E. at its lowest point. 



Power. — The power (or activity) of an agent is the 
rate at which it can do work, and is measured by the 
number of units of work done per unit of time. The 
unit of power commonly used by engineers in this 
country is the horse-power, which is defined as being the 
power of doing 33,000 foot-pounds of work per minute, or 
550 foot-pounds of work per second. 

128. Assuming that the pressure within the cylinder 
of a steam-engine remains constant throughout the whole 
of the stroke, find the horse-power developed in each 
cylinder of an engine, having given — 

A = area of piston in square inches. 

P = pressure upon the piston in pounds per square inch. 

S = length of stroke in feet. 

R = number of revolutions per minute. 

Here P denotes the intensity of the pressure on the piston in 
pounds weight per square inch. The total pressure on the 
piston is the weight of AP pounds. This is the acting 

. force, and. the distance through which it moves in each 
stroke is S feet. 

Thus the work done in each stroke is SAP foot-pounds. 

Since there are two strokes for each revolution, the number of 
strokes per minute is 2R, and the work done per minute 
is 2SRAP foot-pounds. Thus the horse-power developed 
is 

H.P. =2SRAP/33,ooo. 

129. Water is supplied to a hydraulic motor at a 
pressure of 100 lbs. per square inch. Express the 
potential energy of the water in the reservoir in foot- 
pounds per gallon; and calculate the maximum H.P. 
which can be developed by the motor if the rate of 
supply is 50 gallons per minute. 
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Let h — height in feet of the reservoir. The pressure in 
pounds weight per square foot = Ap, where p = number of 
pounds in a cubic foot of water =62*5, 

.'.Ax 62*5/144 = pressure in pounds weight per square inch 

= 100, 

and h x 14400/62*5 = 230*4. 

Thus the potential energy of one pound of water is 230*4 foot- 
pounds, and the potential energy of one gallon (or 10 lbs. ) 
is 2304 foot-pounds. 

(Notice that since the pressure is supposed constant in the 
question, we must also assume that the level of the water in 
the reservoir is kept constant. ) 

The work done by a supply of 50 gallons per minute is 

2304 X 50 ft. -lbs. per min. 
The power developed is 

H. P. = 2304 X 50/33,000 = 3 ^ = 3.49. 

130. The nominal value of a horse-power is 33,600 
foot-pounds per minute. Express this (i) in kilogramme- 
metres per minute and (2) in ergs per second. 

131. A five H.P. engine is eniployed to pump water 
from the bottom of a mine 100 feet deep. How many 
cubic feet of water will it raise in 24 hours ? (i cub. ft. of 
water = 62^ lbs.) 

132. What should be the indicated H.P. of an engine 
that is intended to pump 200 gallons of water per 
minute^to a height of 50 yards ? (i gal. = 10 lbs.) 

133. A 300 H.P. engine draws a train of 180 tons, 
the resistance due to friction being 1 2 lbs. per ton : find 
its maximum velocity along a level line. 

134. Find the H.P. of an engine that should be em- 
ployed for raising coal from a pit 200 feet deep, the 
average daily yield being 1782 tons. 

136. Find the horse-power exerted by an engine which 
draws 150 tons up an incline of i in 200 at the rate of 
15 miles per hour, the resistance due to friction, etc. 
being equivalent to a weight of 1 4 lbs. for every ton in 
motion. 
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136. Determine the rate at which an engine is work- 
ing when it drives a train of i 50 tons at a rate of 30 
miles an hour, the resistance to motion being equal to a 
weight of 16 lbs. for every ton. 

137. The mass of a train is 200 tons, and the resist- 
ances to its motion amount to 20 lbs. per ton on a level 
line : find the horse-power of an engine which can just 
keep it going at the rate of 45 miles an hour. 

138. A steam-engine supplies 1000 houses with 100 
gallons of water each, working 1 2 hours per day : if the 
mean height to which the water has to be raised is 80 
feet, at what rate does the engine work ? 

139. What alteration would be produced in the unit 
of work if the units of mass, length, and time were each 
increased ten-fold ? If a horse-power be represented by 
550 under the old system, what would be its numerical 
value in the new ? 



EXAMINATION QUESTIONS.^ 

140. A particle whose mass is M pounds moves 
from rest under the action of a force of P units which 
is constant in magnitude and direction : how far will 
the particle move in n seconds, and what space will it 
describe in the nth second? 

If the force be the weight of the body, and the 

1 The following abbreviations are used in marking the sources from 
which the examples at the end of each chapter are taken : — 
/•Matric. = Matriculation. 
London ^^^ g^. = intermediate Science (or ist B. Sc.) 
University -^ B Sc. = Final B.Sc.- 
Exammations ^^p^, Sc. = Preliminary Scientific. 

Camb. Schol.=Cambridge Inter-Collegiate Scholarship Examinations. 

Camb. B.A. = Cambridge General and Special B.A. Exams. 

N. S. Tripos = Natural Science Tripos. 

M. Tripos = Mathematical Tripos. 

Balliol Coll. =Brakenbury Natural Science Scholarship, BalHoI College. 

Vict. Int. =Intermediate B.A. and B.Sc. Exams., Victoria University. 

Ind. C. S. =Indian Civil Service. 
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particle traverse 1 76*99 feet during the 6th second of 
motion, find the value of "^." Matric. 1882. 

141. Explain fully what is meant by the acceleration 
of gravity, and show how the value of "^" may be 
determined by Atwood's machine. 

If the acceleration of gravity be represented by unity, 
and one second be the unit of time, what must be the 
unit of length ? int. Sc. 1883, 

142. The effect of force on matter being either strain 
or change of motion, show that either effect may be used 
to measure force. Which is the more convenient 
measure, and why ? Owens ColL z88x. 

143. Prove that when a foot and a minute are taken 
as units of length and time, the same acceleration is 
expressed by ten times the number required to express 

it when the inch and si ^o seconds are taken as the 

units. Owens Coll. z88o. 

144. Enunciate Newton's second law of motion, and, 
assuming that the force of gravity upon a pound is 32*2 
poundals, find the force of gravity upon 5 grammes in 

dynes. Camb. Schol. 1881. 

146. What is an absolute unit ? Specify the absolute 
units of force, momentum, and work belonging to the 
foot-second-pound system. 

In what ratios will these units be changed if the unit 
of length be increased to a yard, and the unit of time to 
a minute ? Prel. Sc. 1889 

146. What is the meaning of the equation P = mfl 
If the unit of force be equal to the weight of one cwt., 

and the unit of acceleration be equal to half a foot-second 
unit of acceleration, find the number of pounds in the 

unit of mass. Mason Coll. 1884. 

147. Explain the meanings of the terms force, 
momentum, impulse, energy. 

A cannon-shot of looo lbs. strikes directly a target 
with a velocity of 1500 feet per second, and comes to 
rest : what is the measure of the impulse ? If the 
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cannon-shot rebounded with a velocity of 200 feet per 
second, what would be the measure of the impulse ? 

Matric. 1883. 

Pl48. Two weights, of 5 pounds and 7 pounds respec- 
tively, are fastened to the ends of a cord passing over a 
frictionless pulley supported by a hook. Show that 
when they are free to move the pull on the hook is equal 

to Ilf pounds weight. Matric. x886. 

140. A jet of water is projected against a fixed wall 
so as to strike it at right angles. If the velocity of the 
jet be 80 feet per second, and 100 lbs. of water strike 
the wall in each second, what pressure will be exerted 
against the wall (i) when the water does not rebound ; 
(2) when it rebounds with a velocity of 10 feet per 
second ? int. Sc X883. 

160. What is the dynamical unit of force? Show 
that the unit of force when 10 feet, 100 seconds, and 
1000 pounds are the fundamental units is equal to that 
wTien n feet, n seconds, and n pounds are the corre- 
sponding units. Camb. SchoL 1882. 

161. Describe Atwood's machine. From the follow- 
ing data find the numerical value of g^ the acceleration 
due to gravity, at a certain place: — 

Mass of each box . . . . 30 oz. 

Equivalent for inertia of wheel- work . i o „ 
Mass added to one of the boxes . 2 „ 
Space described from rest in 3 sees. . 4*0 ft. 

Glasgow M.A. 1882. 

162. Two scale -pans, each weighing 2 oz., are sus- 
pended by a weightless string over a smooth pulley. A 
mass of 10 oz. is placed in one and 4 oz. in the other : 
find the tension of the string and the pressure on each 
scale-pan. Matric. 1883. 

163. In Atwood*s machine one weight is double the 
other ; the wheel is held at rest whilst the string is nailed 
to the wheel at the top : if the weights be allowed to 
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move gently to their position of equilibrium, show that 
the line joining the nail to the axle will make an angle 
of 30* with the vertical. 

Also, if the weights be, instead, allowed to move 
freely after the nailing, find the kinetic energy of the 
weights and wheels when the nail arrives at this posi- 
tion. Balliol Coll. z88z. 

164. If two weights w and 2w are connected by a 
string passing over a smooth weightless pulley, which 
is attached to a third weight ^w by a string passing 
over a smooth fixed pulley, prove that the weight 30/ 

descends with an acceleration ^. Camb. Schoi. 1882. 

Let o denote the acceleration of the weight 2w downwards 

relative to the pulley P, and let /3 de- 
note the acceleration of P upwards, or 
of the weight yw downwards. 
The actual acceleration of 2w in space (or 
relative to the fixed pulley P') is a - /3. 
Let T be the tension in the string con- 
necting w and 2w, Considering the 
motion of 2W, we see that the force 
ju, causing motion is 2wg - t, and the mass 

moved is 2Wy and the acceleration pro- 
duced is a - /3. 
Therefore 

2W-T= 2w{a - p). 
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The acceleration of w upwards is a + j8, 
and the force acting upon wisr- wg ; 
hence 

T-«/^=Te/(o + /3). 

The tension in the string connecting the third weight with the 
pulley P is v' = 2t, and the equation for the motion of 3«/ is 

3w^-2T = 3w/3. 

Solving these three equations, we find that the weight 3w 
descends with an acceleration ^/i7. 

166. Taking the earth to be a sphere of radius 4000 
miles, rotating about its axis in 88,000' roughly, and 
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aissuming ir2=io, ^=32 feet per second at the pole, 
show that the weight of a body will be decreased by 
about ^^ of the whole by taking it from the pole to 

the equator. Balliol Coll. x88x. 

166. What is erroneous in the term centrifugal foru f 

A skater describes a circle of radius 100 feet with a 

velocity of 18 feet per second : what is his inclination to 

the ice ? Edinb. M.A. 1884. 

157. Investigate the relation between the length of 
a simple pendulum and the time of oscillation. A 
" second's " pendulum is lengthened by i per cent : 
how much will it lose in a day .? (^= 32.) 

Glasgow M.A x889. 

168. What is meant by a " simple pendulum," and 
"equivalent simple pendulum"? 

A pendulum vibrates seconds at a certain place; 
it is taken to another where the value of g is greater by 
I per cent: find the number of vibrations greater or 

less per day. Glasgow M.A. 1884. 

160. A pendulum 37*8 inches long makes 183 beats 
in 3 minutes at a certain place : find the force of gravity 

there. Ind. C S. z886. 

160. What is the meaning of the expression "the 
length of the seconds - pendulum " ? How far could it 
be rational to make that length, or some sub-multiple of 
it, the unit of length ? What would be the acceleration 
of gravity if the length of the seconds- pendulum were 
the unit of length .^ N. s. Tripos. 1884. 

161. A balloon ascends with a constant acceleration, 
and reaches a height of 900 feet in one minute. Show 
that a pendulum clock carried with it will gain at the 
rate of 27*8 seconds per hour. m. Tripos. 1883. 

162. Explain the terms mass oj a pound, weight of a 
pound, foot-pound, 

A mass of iron weighing 20 pounds (i) falls freely 
under the action of gravity (^=32 ft.-sec.) ; (2) descends 
with an acceleration of 25 (ft -sec) Determine in 

E 
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each case the kinetic energy of the mass in foot-pounds 
when it has fallen through loo feet. int. Sc. x886. 

163. A man weighing 12 stones does 360,000 foot- 
pounds of work against gravity in ascending a hill: 
find the height ascended. Glasgow m.a. 1883. 

164. Masses of 485 and 496 grammes respectively 
are connected by a fine string and hung over a very 
light pulley as in an Atwood machine. Find, by con- 
sidering the work done, the velocity after a fall of 88 cm. 
from rest, supposing that friction may be neglected. 

(^=981.) 

If the actual velocity is only three-fourths the calculated 

velocity, find the energy which has been taken up by the 

friction. Vict. int. 1885. 

166. State the laws of friction. 

A curling rink is 42 yards long from tee to tee. A 
curling stone is hurled from one tee with a velocity of 
8*4 feet per second, and comes to rest at the other tee. 
Find the coefficient of friction between the stone and 

the ice. Edinb. M.A. X884. 

166. A constant force acting on a body generates in 
10 seconds 20 units of momentum, and does in the 
same time 20 units of work : find the mass of the 
body and its velocity at the end of 10 seconds. 

N. S. Tripos. x886. 

167. While a railway train travels half a mile on a 
level line, its speed increases uniformly from 15 
miles an hour to 30 miles an hour: show what pro- 
portion the pull of the engine bears to the weight of the 
train. (Neglect friction.) Matric 1885. 

168. A bullet of mass 20 grammes is shot horizontally 
from a rifie, the barrel of which is one metre long, with 
velocity 400 metres per second, into a mass of 50 kilo- 
grammes of wood floating on water. If the bullet buries 
itself in the wood without making splinters or causing 
the wood to rotate, find the velocity of the wood directly 
after it is struck (that is, before the velocity has been 
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diminished by the resistance of the water). Also find 
the average force in grammes -weight exerted on the 
bullet by the powder (^= 98 1 centimetres per second, per 
second). int. Sc. 1885. 

169. Show that the difference of kinetic energy of two 
particles, after sliding through the same distance down two 
planes, equally inclined to the horizon, but one rough, 
the other smooth, is numerically equal to the work done 
against friction by the former particle. Owens Coll. 1884. 

170. Prove that a train going at 45 miles an hour 
will be brought to rest in about 284 yards by the breaks, 
supposing them to press on the wheels with half the 
weight of the train, and that the coefficient of friction 

is * 1 6. Int. Sc. X885. 

171. A cannon-ball weighing 10,000 granmies is dis- 
charged with a velocity of 45,000 centimetres per second 
from a cannon, the length of whose barrel is 200 centi- 
metres : prove that the mean force exerted on the ball 
during the explosion is 5-0625 x loi*^ dynes. 

Camb. Schol. 1884. 

172. Calculate the amount of work done against 
gravity in drawing a car of 2*5 tons weight, laden with 
thirty passengers averaging 9 stones each in weight, up 
an incline the ends of which differ 1 20 feet in level. Find 
the horse-power sufficient to do that work in half an 

hour. Edinb. M.A. 1882. 

173. A string has one end fastened to a fixed point ; it 
then goes under a pulley which sustains a weight of 2 
kilogs., and then over a fixed pulley, and at its end it 
sustains another weight of 2 kilogs. The strings are all 
vertical, and the weight of the pulleys and all friction 
may be neglected. The weight is pulled up by the free 
weight descending. Find how long it will take thus to 
raise the weight through 2 metres, and show that 
392,000,000 ergs more work can be done by the kinetic 
energy of the system. Baiiioi CoiL z88o. 

174. The amount of work which can be derived from 
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the consumption of a kilogramme of coke is 309 x lo^^ 
ergs. Of the work thus derived one-twentieth is usefully 
employed in drawing trucks up a slope of 30°. Find the 
amount of coke required to draw a weight of 9400 
megadynes a distance of 1500 metres along the slope, 
(i megadyne= 10^ dynes.) ind. c. s. 1885. 

176. Define kinetic energy and work. Calculate 
the kinetic energy of a tram-car weighing 2*5 tons, 
when it is moving at the rate of 6 miles an hour, and is 
laden with thirty-six passengers, averaging 9 stones each 
in weight. 

If the coefficient of kinetic friction for a tram- 
car moving on its rails is \ ; find how much work is 
done when the above car, loaded as stated, is pulled 3 
miles along a level road. Edinb. m.a. x88z. 

176. Compare the amounts of momentum and of 
kinetic energy in (a) a pillow of 20 lbs., which has 
fallen through one foot vertically, and (b) an ounce 
bullet moving at 200 feet per second. Edinb. m.a. x88x. 

177. Compare the strength of a locomotive engine 
that can get up a speed of 20 miles an hour in 2 minutes 
in a train of 350 tons with that of an engine that can 
get up a speed of 30 miles an hour in 2 minutes in a 
train of 250 tons, the line in both cases being level, and 

friction negligible. Univ. Coll. Lond. X884. 

178. Show that if a body falls freely from rest under 
the action of gravity, the increase of its kinetic energy 
during the loth second is 9*5 g times the increase of 
momentum during that second, where g is the numerical 
value of gravity. Camb. Schoi. 1883. 

170. An engine of one horse-power is capable of 
doing 33,000 foot-pounds of work per minute. What is 
the horse-power of an engine which can pump 1000 
gallons of water per minute from a well and project it 
with a velocity of 80 feet per second through a nozzle 
which is at a height of 40 feet above the surface of the 
water in the well ? int. Sc X882. 
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180. A railway train of 300 tons is running at 45 
miles an hour. Find its energy of motion in foot-tons. 
Also, if the engine, while getting up the speed of the 
train, does work on it at an average rate of 100 horse- 
power, show how long it will take to get up the speed of 
45 miles an hour. [Take ^=32 (feet, seconds); i 
horse-power = 33,000 foot-pounds per minute.] 

Int. Sc. 1884. 

181. What is the horse-power of an engine which 
can project 10,000 lbs. of water per minute, with a 
velocity of 80 feet per second, 20 per cent of the 
whole work done being wasted by friction, etc. ? 

[A''.^. — An agent of one horse-power can do 33,000 foot-pounds 

of work per minute.] 

Matric. 1884. 

182. If a bicyclist always works at the rate of one- 
tenth of a horse-power, and goes 1 2 miles an hour on 
the level, prove that the resistance of the road is 3»i25 

pounds. Int. Sc. X885. 

183. A railway train of mass 100 tons is moving at 
20 miles per hour. What horse-power would be required 
to impart to it this velocity in 5 minutes from starting, 
in addition to overcoming the resistances supposed uni- 
form and equal to 1 2 lbs. per ton ? (One horse-power 
= 33,000 foot-pounds per minute.) Camb. Schoi. X884. 



CHAPTER II 

HYDROSTATICS 

In solving the examples in this chapter, the following 
facts may be assumed : — 

The mass of a cubic foot of water is looo ounces or 
62^^ pounds. 

The specific gravity of mercury is iy6. 

In examples on fluid pressure, the pressure of the 
atmosphere may be neglected, unless the contrary is ex- 
pressly stated. 

The normal atmospheric pressure is that due to a 
column of mercury 76 centimetres in height. When the 
inch is taken as the unit of length, the normal barometric 
height may be assumed as 30 inches. 

Geometrical Relations. — The ratio of the circumfer- 
ence of a circle to its diameter is 3*1416 (or approxi- 
mately ^), and is denoted by the Greek letter tt. 

The circumference of a circle of radius r is 2irr, and 
its area is ttt^. 

The area of the surface of a sphere is 47zr®. 

The volume of a sphere is ^ttt^. 

1. Define a fluid, and explain what is meant by the 
pressure of a fluid at any point within it. Prove that the 
pressure at any point of a fluid at rest is the same in 
every direction. 

2. State and illustrate the law of transmission of 
pressures in liquids, and explain how it is applied in the 
construction of hydraulic presses. 
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3. Distinguish between pressure and intensity of 
pressure ; and find the dimensions of each of these 
quantities in terms of the fundamental units of length, 
time, and mass. 

4. Define density and specific gravity, pointing out 
the essential distinction between them. Explain how it 
is that the density of a substance has, in the C.G.S. 
system, the same numerical value as its specific gravity, 
or density relative to water. 

6. A block of mahogany 2 inches long, i^ inch 
broad, and ^ inch thick is found to weigh ^461 grains : 
express its density in grains per cubic inch. 

The volume of the block is2xfxj=-^ cubic inches, and its 
mass is 461 grains. The density, in grains per cubic inch, is 



. mass . /21 , , 



6. A ton of clay is found to occupy a volume of 1 8 
cubic feet : what is its density in pounds per cubic foot.-* 

7. The density of water is 62^^ pounds per cubic foot: 
express this in ounces per cubic inch. 

8. Basalt is three times as heavy as water : what is 
its density in ounces per cubic inch ? 

O. A ton of chalk occupies a volume of i^^ cubic 
feet : what is its specific grccuity referred to water as the 
standard substance ? 

The mass of a cubic foot of the chalk is (2240-rV^) pounds, and 
the mass of a cubic foot of water is 62^ pounds. Hence the 
required specific gravity (or ratio between the masses of 
equal volumes) is 

(-^.^v. 2\ . 125 2240x2x2 
2240X— )-=-— ^=-rt ^ = 2.312. 
31/ 2 31x125 ^ 

10. A cubic inch of a substance weighs half a pound : 
what is its specific gravity ? 

' In this and the succeeding chapters the term weight is occasionally used 
instead of mass, when there is no danger of confusion between the two. 
When a body is said to be weighed in air, the weight of the displaced air may 
be neglected, unless the contrary is expressly stated. 
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11. The specific gravity of lead is 11*4 : what is the 
weight of a cube of lead 3 inches in the side ? 

12. A mahogany block of the same dimensions as 
that in Example 5 is found to weigh 30*35 grammes: 
express its density in grammes per cubic centimetre. 

13. The specific gravity of iron is T*T \ what is the 
weight of an iron rod 2^ inches broad, 2 inches thick, 
and 1 8 feet long ? 

14. A body weighs 1 000 pounds, and its density is five 
times that of water : what is its volume ? 

16. How many grammes of mercury will be required 
to fill a cylindrical glass tube, the length of which is 70 
centimetres, and internal diameter 0*8 centimetre ? 

The cross -section of the tube is 7rr*=^x (o-4)*=-Vxo-i6 
square centimetre, and its internal volume is 70 x ^- x 0*16 
=35.2 cubic centimetres. The specific gravity of mercury 
is 13*6 approximately, and this number also represents its 
density m the C.G.S. system : i,e, i cubic centimetre of 
mercury =13-6 grammes. 

Thus 35*2 X 1 3*6 =478*72 grammes are required to fill the tube. 

16. A tube 1 20 centimetres long holds 600 grammes 
of mercury : find its cross-section and internal diameter. 

17. Find the mass of a piece of copper wire 5 metres 
in length and i*8 millimetre in diameter, given that the 
density of copper is 8 '8. 

18. A cylindrical tube i metre in length and i centi- 
metre in internal diameter weighs 100 grammes when 
empty, and 210 grammes when filled with a liquid : find 
the specific gravity of the liquid. 

10. Find the diameter of a cylindrical kilogramme 
weight made of brass (density 8*4), its height being 7*5 
centimetres. 

20. The radii of two spheres are 2 centimetres and 
3 centimetres, and their masses are 200 grammes and 
250 grammes respectively : compare their densities. 

21. A litre of hydrogen gas weighs 0'0896 gramme, 
and the density of carbon-dioxide is twenty- two times 
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that of hydrogen : how much carbon-dioxide is required 
to fill a gas-bag which holds 10 litres ? 

22. One litre of a liquid of specific - gravity i -4 is 
mixed with 2 litres of a liquid of specific gravity 0*96, 
and the mixture occupies nine-tenths of the volume of its 
components : what is its specific gravity ? 

The volume of the mixture is 

V =— X 3000 = 2700 C.C 
10 

If A denote its density, then its mass in grammes is 
VA=(iooox 1-4) + (2000x0-96) =1400 4-1920= 3320. 

Thus A= 23??= 1.23. 

2700 "^ 

23. If the specific gravities of two liquids be 4 and 5 
respectively, find the specific gravity of a mixture con- 
taining 3 parts by weight of the former to 4 parts of 
the latter. 

24. What would have been the specific gravity of the 
mixture in the last example if the proportions had been 
taken by volume instead of by weight ? 

25. Equal volumes of two liquids whose specific 
gravities are s and 2s are mixed together, and the mix- 
ture occupies four-fifths of the sum of the volumes of its 
components : what is its specific gravity ? 

26. The density of fire-damp is one-half that of air : 
what is the density of foul air containing 1 5 per cent of 
fire-damp ? 

27. Equal weights of two liquids whose specific 
gravities are 0*9 and 0*7 are mixed together, and a con- 
traction of I o per cent occurs in the volume : what is 
the specific gravity of the mixture ? 

28. Equal volumes of three fluids are mixed. The 
specific gravity of the first is 1.55, that of the second 
1-75, and that of the mixture is i'6; find the specific 
gravity of the third. 
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Fluid Pressure. — At a depth z below the surface of 
a heavy liquid of density p the pressure is 

neglecting atmospheric pressure. '^ 

When g^ py and z are all expressed in the C.G.S. 
system, / denotes the pressure in dynes per square centi- 
metre ; if the factor g- be omitted, / will represent the 
pressure in grammes weight per square centimetre. 
What we have here called pressure is really intensity of 
pressure, or pressure per unit area ; and the pressure on 
a surface of area a is P ^pa^ if the intensity of the 
pressure over the surface is uniform. 

Taking into account the pressure due to the atmos- 
phere, the pressure at a depth z is 

where 11 denotes the atmospheric pressure on unit area 
of the surface of the liquid. 

20. Find the pressure due to a column of mercury i 
metre high. 

Here 2r=ioo, p=i3.6, and taking ^=981, we have 

/=98i X 100 X 13.6 
= 1-334 X 10* d)nies per sq. cm. 
= 1*334 megad3aies per sq. cm. 

Expressed in grammes weight per square centimetre the 
pressure would be 100 x 13-6=1360. 

30. What is the pressure at a depth of 50 feet below 
the surface of the sea, the specific gravity of sea-water 
being 1-025? 

The pressure in pounds per square foot is/=par, where 

/)=density of sea- water in lbs. per cub. ft., 
and «= depth below the surface in feet. 

Now I cubic foot of water weighs 62} pounds, and therefore i 
cubic foot of sea- water, weighs 62-5 x 1*025;= 64*06 pounds ; 
thus the pressure is 50 x 64*0(6=3203 pounds per square foot. 
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31. Find the pressure due to a column of water i 
metre in depth. Express your result (i) in grammes 
weight per square centimetre, and (2) in dynes per square 
centimetre. 

32. Calculate the total pressure (in grammes weight) 
upon the base of a cylindrical vessel one decimetre in 
diameter, filled with mercury to a height of 40 centi- 
metres. 

33. What must be the height of a column of mercury 
to exert a pressure of i kilogramme per square centi- 
metre ? 

34. The specific gravity of sea- water is 1*025 ; cal- 
culate the pressure in grammes weight per square 
centimetre at a depth of 40 metres below the surface of 
the sea. 

36. Mercury is poured into a vessel until the layer is 
10 centimetres deep, and then water is added until the 
depth of the water-column is 7 5 centimetres : determine 
the pressure on the base in dynes per square centi- 
metre. 

36. What must be the height of a column of water 
in order that the pressure at its b^se may be a mega- 
dyne (10^ dynes) per square centimetre? 

37. Find the equivalent in dynes per square centi- 
metre of a 'pressure of 1000 kilogrammes weight per 
square metre. 

38. Determine the pressure in grammes weight 
exerted upon a horizontal area of 2 square decimetres 
sunk to a depth of 7 5 centimetres below the surface of 
oil of specific gravity 0'85. 

30. If the inch be the unit of length, and the second 
the unit of time, what must be the density of the 
standard substance in order that the equation p^gpz 
may give the pressure in pounds weight ? 

40. Express in pounds weight per square foot the 
pressure at the bottom of a lake 300 feet deep. 

41. Determine the available water-pressure (in pounds 
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per square inch) in a laboratory which is supplied from 
a tank at a height of 40 feet. 

42. To what depth must a surface be sunk in water 
in order that the pressure upon it may be 60 pounds per 
square inch ? 

43. If a cubic foot of sea-water weighs 64 pounds, what 
is the pressure at a depth of a mile under the surface of 
the sea ? 

44. If the atmospheric pressure be 15 pounds per 
square inch, what is the pressure at the bottom of a 
pond 30 feet deep ? 

46. At what depth below the surface of water will 
the pressure be equal to two atmospheres, if the atmos- 
pheric pressure is i megadyne per square centimetre ? 

46. Show that if two liquids which do not mix meet 
in communicating tubes, their heights above the com- 
mon surface of separation will be inversely as their 
densities. 

If the heights of the two liquids above the surface of 
separation are 1 5 and 1 8 inches, and the density of the 
first is I 'OS, what is the density of the second ? 

47. I wish to discover what the water pressure at a 
particular tap is, and, in order to do so, I connect it 
with a mercury manometer ; on opening the tap the 
mercury is forced to a height of 11 o centimetres ; ex- 
press the " head of water " in feet. 

48. Calculate the available water pressure in pounds 
per square inch in Example 47. 

49. A uniform U-tube is about half filled with water : 
how much oil of specific gravity o'8 must be poured into 
one limb in order to make the water rise 4 inches in the 
other ? 

60. The limbs of a V-tube are inclined at an angle of 
60°. A length / of the tube is filled with water ; it is 
then held upright with its limbs equally inclined to the 
vertical, and as much oil of specific gravity s is poured 
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into one side as fills a length /' of it : find the differ- 
ence of level of the liquids in the two sides. 

[In Examples 51-55 the result is to be expressed in grammes 
weight, neglecting atmospheric pressure.] 

61. What is the pressure on an area of 10 square 
centimetres immersed in water, the centre of gravity of 
the area being at a depth of 1 5 centimetres ? 

52. Calculate the pressure on a circular disc 1 6 centi- 
metres in diameter immersed in mercury, the centre of 
the circle being at a depth of 25 centimetres below the 
surface. 

63. A rectangular plate 30 centimetres long and 10 
centimetres broad is immersed horizontally at a depth of V V 
3 metres in brine of density i»i : what is the pressure ' 
upon its surface ? 

64. What would be the pressure upon the plate in 
the preceding example, if it were held in a vertical plane 
with its lower and higher corners 60 and 50 centimetres 
respectively below the surface ? 

66. A cube, the edge of which is one decimetre, is 
suspended in water with its sides vertical and its upper 
surface at a depth of i metre below the surface : find 
the pressure on each of its faces. 

66. Prove that if a cubical box be filled with water, 
the total pressure to which it is subjected is equal to 
three times the weight of the water which it contains. 

67. Prove that a body immersed in a liquid sustains 
an upward pressure which is equal to the weight of the 
liquid displaced : and describe any practical applications 
of this fact 

68. Describe how you would demonstrate experi- 
mentally the truth of the principle of Archimedes ; and 
explain what is meant by the apparent weight of a body 
in water. 

A body weighs 62 grammes in vacuo and 42 grammes 
in water : find its volume and specific gravity. 
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69. What will be the apparent weight in water of a 
piece of rock-crystal (density 2 •7) which weighs 35 
grammes in vacuo ? 

60. A bar of aluminium (density 2 '6) weighs 54'8 
grammes in vacuo : what will be the loss of weight 
when it is weighed in water ? 

61. An irregular solid is found to weigh 98 grammes 
in vacuo and 64 grammes in water : what is its volume ? 

62. A solid cube, 4 inches in the side, is formed of a 
i. substance of specific gravity 1 2*5 ; what will its apparent 

weight in water be? 

63. A body which weighs 24 grammes in air^ is 
found to weigh 20 grammes in water ; what will be its 
apparent weight in alcohol of specific gravity O'S ? 

'^N. 64. A body which weighs 3 5 grammes in air is found 
to weigh 30 grammes in one fluid and 25 grammes in 
another: what will be its weight when immersed in a 
mixture containing equal volumes of the two fluids ? 
^ 66. Two bodies are in equilibrium when suspended 
in water from the arms of a balance : the mass of the 
one body is 28 and its density is 5*6 ; if the mass of the 
other is 36, what is its density ? 

The volume of the first body is 

28 ^ 

and if ^2 be the density of the second body, its volume is 

36 

When immersed in water, the apparent weight of the first 
body is 

28-5 = 23, 
and of the second 

36-^. 



1 See note on p. 55. 
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Since these are equal, 



.3=36-$, 



36 

and .'. fl^9 = — = 2»77. 

— ^ 66. Two masses w^ and Wg balance each other when 
weighed in water ; the specific gravity of the one being 
s^y what is that of the other ? 

67. A piece of silver (specific gravity = io«5) weigh- 

Y. ing 20 grammes and a piece of tin (specific gravity = ^ 
7 '3) are fastened to the two ends of a string passing 
over a pulley, and hang in equilibrium when entirely 
immersed in water : determine the weight of the tin. 

^ 68. What should be the weight of the piece of tin in 
the- preceding example, in order that both bodies might 
hang in equilibrium when immersed in a liquid of 
specific gravity i'5 ? 

69. A string is passed over a pulley so that one end 
hangs in a beaker of water and the other in a beaker 
containing salt solution of specific gravity 1.28 1. A 
lump of copper (specific gravity 8-9) is hung from one X Y 
end of the string so as to be immersed in the water : 
what weight of lead of specific gravity 1 1 -4 must be 
attached to the other end of the string so as to keep the 
copper in equilibrium when the lead is completely im- 
mersed in the salt solution ? 

70. Find the acceleration with which a stone of 
specific gravity 2 '8 would sink in water, and the time 

^ which it would take to get to the bottom of a pool 1 6 
feet deep. 

71. A 7-lb. iron weight (specific gravity y-^) is sus- 
pended from one end of an equal-armed lever and im- 
mersed in water : what weight must be hung from the 
other end of the lever in order to counterpoise it ? 

72. A cube of gutta-percha (specific gravity 0.96), 
two centimetres in the side, is suspended from the short 
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■■ / ' ' 

pan of a hydrostatic balance, and a basin of water is 
placed beneath : what weight must -be placed upon the 
pan in order that there may be equilibrium when the 
g:utta-percha is completely immersed ? 

73. State the conditions which must be fulfilled in 
order that a body may float in equilibrium in a liquid; 
and show that if a homogeneous body of volume v and 
specific gravity s floats in a liquid of specific gravity /, 

the volume of the part immersed will be ^. 

74. What volume of water will be displaced by a 
kilogramme of wood of specific gravity 0-75 floating in 
equilibrium ? 

76, A piece of cork of mass 300 grammes and density 
o«2 5 is placed in a vessel full of water : how much water 
will overflow ? 

76. The specific gravity of ice is 0*9 18 and that of 
sea-water is i -03 : what is the total volume of an ice- 
berg which floats with 700 cubic yards exposed ? 

77. A sphere of density 0-95 and volume loo cubic 
centimetres floats on water. Oil of density 0-9 is poured 
upon the water, the layer of oil being deep enough to 
cover the sphere : how much of it will now be immersed 
in the water ? 

78. A solid body floats in water with just half its 
volume immersed. When it floats in a mixture of equal 
volumes of water and another liquid, one-third of it is j^ 
immersed: find the specific gravities of the solid and 
liquid. 

79. A sphere of glass (density 2-8) is dropped into a 
vessel containing mercury and water : find its position 
of equilibrium. 

80. A solid weighs 100 grammes in air and 64 
grammes in a liquid of specific gravity 1*2 : what is its 
specific gravity ? 

81. A body weighs 124 grammes in vacuo, 108 
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grammes in water, and 98 grammes in another liquid : 
what is the specific gravity of the liquid ? 

82. A solid which weighs 120 grammes in air is 
found to weigh 90 grammes in water and 78 grammes 
in a strong solution of zinc sulphate : what is the specific 
gravity of the solution ? 

83. A specific gravity bottle weighs 14*72 grammes 
when empty, 39*74 grammes when filled with water, 
and 44*85 grammes when filled with a solution of 
common salt : what is the specific gravity of the 
solution ? 

84. A specific gravity bottle when filled with water 
weighs 6 1 -48 5 grammes, and when filled with methylated 
spirit 53-462 grammes. If the bottle weighs 15*063 
grammes what is the specific gravity of the spirit ? 

86. In a determination of the specific gravity of a 
saturated solution of zinc sulphate with the same bottle, 
the weight of the bottle filled with water was 61*460 
grammes, and, when filled with a solution at I4*6°C., 
8 1 •5 59 grammes : find the specific gravity of the solution 
at this temperature. 

86. Find the specific gravity of a ^mixture of methy- 
lated spirit and water from the following data : — 

Weight of empty bottle =15-056 gm. 
„ bottle + water =6i«5oo „ 
„ bottle + mixture = 57.450 „ 

87. A specific gravity bottle was found to weigh 
39*74 grammes when filled with water. Some iron 
nails weighing 8*5 grammes were introduced, and the 
bottle was again filled up with water. The weight now 
was 47*12 grammes: show that the specific gravity of 
the iron nails was 7*59. 

88. Afler removing the nails from the bottle, 40*37 
grammes of lead shot was introduced, and after filling 
up with water, the weight of the whole was 76*54 
grammes : what was the specific gravity of the shot ? 

F 
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: 89. Find the specific gravity of monoclinic sulphur 
from the following data :— ^ 

Weight of sulphur taken . . . 0.5260 gin. 
„ sp.gr. bottle + water (full) 49.9598 „ 
„ bottle + sulphur + water . 50.2158 „ 

90. A solid, lighter than water, and weighing 25 
grammes in air, is fastened to a piece of metal, and the 
combination is found to weigh 36 grammes in water : if 
the piece of metal weighs 4 j. grammes in. water, what is 
the specific gravity of the light solid ? 
; 91. Find the specific gravity of a given solid firom 
the following data : — 

Weight of solid in air . . • o*5 gni. 

„ sinker in air . . . 4.0 „ 

„ solid and sinker in water . 3*375,, 

Specific gravity of sinker . . .8.0 „. 

92. A sinker weighing 38 grammes is fastened to a 
piece of cork weighing id grammes, and the two together 
just sink when placed in water : find the specific 
gravity of the sinker, taking that of cork as 0-25. . 

93. In; order to determine the specific gravity of a 
piece of fluor-spar, it was placed upon the upper pan of 
a Nicholson's hydrometer, and, weights were added until 
the instrument sank to a fixed mark in the stem. On 
removing the fluor-spar an additional weight of 9-85 
granmies had to be added. This additional weight was 
next taken off and the spar placed in the lower pan 
(immersed in water), when it was found that 3.06 
grammes had to be placed in the upper pan to sink the 
hydrometer to the same mark : what was the specific 
gravity of the spar ? 

94. A Nicholson's hydrometer, when floating in 
water, required a weight of 0.15 gramme to be placed 
upon the upper dish in order to make it sink to a fixed 
mar^c on.the stem ; and 5.72 grammes had to be placed 
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upon the dish in order to make it sink to the same inark 
in a solution of salt. If the hydrometer weighed 94*47 
grammes, what was the specific gravity of the solution ? 

96. Walker's specific gravity balance consists of a 
lever with unequal arms ; a fixed weight is hung from 
the shorter arm, and the longer arm is graduated in 
inches and tenths of an inch. The lever rests On a 
knife-edge at X, and is horizontal when a body is sus- 
pended in air from. a point Y on the long arm ; when it 
is immersed in water the point of suspension has to be 
moved to Z in order to obtain equilibrium : show that 
the specific gravity of the body is 

XZ/(XZ - XY). 

96. The specific gravity of a piece of solder was 
determined by Walker's balance. When weighed in 
air the length of the arm (of distance of the point of 
suspension from the knife-edge) was 11 '05 inches; when 
weighed in water the length of the arm was 12- 5 5' inches: 
show that the specific gravity of the solder was 8'37. 

97. In order to find the specific gravity of a mineral 
two experiments were made, the position of the weight 
on the short arm being altered after the first deter; 
mination. 

' • Length of Arm. 

' tr t / Substance weighed in air . . 578 in. 
^*P- ^* t „ „ water . 9.07 „ ^ 

^ ExD II J '» " air . . 9.17 „ 

^'^P- ^^- J „ „ water . 14.42 „ 

Show that the mean result of the two experiments is 
2-751. 

98. The lever of a Walker's balance is in equilibrium 
when a body is suspended from a point Y on the Jong 
arm, the fulcrum being at X. When the body is 
immersed in water the point of suspension is at Z, and 
when it is immersed in another liquid the point of sus- 
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pension is at Z'. Prove that the specific gravity of the 
liquid is 

XZ(XZ' - XY)/XZ'(XZ - XY). 

09. A pebble was suspended from the long arm of 
the balance, and weighed successively in air, in water, 
and in methylated spirit, the lengths of the arms being 
5 '7 8 inches, 9»i inches, and 8-27 inches respectively: 
find the specific gravity of the pebble and of the spirit. 

ICX). The area of the smaller piston of a Bramah 
press is 2^ square inches, and the area of the larger 
piston is 200 square inches. A force equal to a weight 
of 3 pounds is applied to the smaller piston : what pres- 
sure will be communicated to the larger one ? 

101. The lever of a hydraulic press gives a mechanical 
advantage of 6 ; the sectional area of the smaller plunger 
is half a square inch, and that of the larger plunger 1 5 
square inches. A 56 -lb. weight is hung from the 
handle : what weight will the large plunger sustain ? 

102. If the diameters of the pistons of a Bramah 
press are in the ratio of 10 to i, and a power of 14 
pounds applied to the smaller piston produces a pressure 
of I ton on the larger, what is the ratio of the arms of 
the lever used for working the piston ? 

103. The two pistons of a hydraulic press have 
diameters of a foot and an inch respectively: what is 
the pressure exerted by the larger piston when a weight 
of 56 pounds is placed on the smaller one? If the 
stroke of the smaller piston is i^ inch, through what 
distance will the larger piston have moved after ten 
strokes ? 

104. The small piston of a hydraulic press is | inch 
in diameter, and is worked by a lever: the distance 
from the piston to the fulcrum is 3^ inches, and from 
the fulcrum to the power is 35 inches. If the large 
piston is 9 inches in diameter, what is the mechanical 
advantage ? 
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105. Give a clear explanation of the manner in 
which the column of mercury in a barometer is sup- 
ported. Why is mercury the liquid generally em- 
ployed ? How is the height of the mercurial column 
affected (i) by changes of temperature; (2) by the 
narrowness of the tubes ; (3) by differences in the value 

of^? 

106. What is meant by the "capacity error" of a 
cistern barometer ? Give a brief description of Fortin*s 
barometer, explaining the adjustment by which the 
mercury in the cistern is kept at a constant level. 

107. How will the reading of a barometer be affected 
if its tube is not in a vertical position ? .Calculate, as an 
example, the length (or apparent height) of the mercurial 
column in a barometer, the tube of which is inclined at 
30* to the vertical, the actual barometric height being 
30 inches. 

108. What is the height of a water barometer when a 
mercurial barometer reads 30 inches ? 

109. During a storm a mercurial barometer falls 
from 30 to 29 inches : through what distance would a 
water barometer fall under the same conditions ? 

110. Find the height of a glycerine barometer when 
the water barometer stands at 32 feet. (Density of 
glycerine = 1-27.) 

111. When the barometric height is 76 centimetres, 
a glycerine barometer is found to stand at 810 centi- 
metres. Calculate from this the specific gravity of 
glycerine referred (l) to mercury ; (2) to water, as the 
standard substance. 

112. What would be the height of a barometer con- 
taining oil of specific gravity o«86, when the height of a 
mercurial barometer is 7 5 centimetres ? 

113. Given that the atmospheric pressure is 15 
pounds per square inch, calculate its value in kilo- 
grammes per square metre. 
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Atmospheric pressure per unit area. — If the 

barometric height h be given, the numerical value of the 
atmospheric pressure in units of force per unit area may 
be found as follows : — 

Let n denote the pressure in dynes per square centi- 
metre, and /) the density of mercury = 13*596, then 

or, taking the normal barometric height (76 centimetres), 

11=76x13.596x981 = 1,013,226. 

Thus the normal atmospheric pressure is somewhat 
greater than a megadyne (one million dynes) per square 
centimetre. Expressed in grammes weight per square 
centimetre the pressure is 

n=-«p=76x 13.596=1033. 

This corresponds to a weight of 10,330 kilogrammes 
per square metre. 

Suppose we require to express the atmospheric pres- 
sure in pounds weight per square inch, when the baro- 
meter stands at 30 inches. Consider a barometer-tube 
the cross-section of which is i square inch ; the pressure 
at the base of the column of mercury is equal to the 
weight of the column itself. Now we know that i 
cubic foot (or 1728 cubic inches) of water weighs 1000 
ounces or 62.5 pounds. Thus i cubic inch of water 

weighs ^ pounds, and i cubic inch of mercury weighs 

^ X 1 3-596 pounds. The weight of a column 30 inches 
high and i square inch in cross-section will therefore be 

-^ X 13.596 X 30= 14.75 lbs. 

Hence the pressure is equal to a weight of 14-75 pounds 
on the square inch. 

114. Prove that a pressure of i megadyne (10^ 
dynes) per square centimetre corresponds almost exactly 
to a barometric height of 7 5 centimetres. 
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116. Calculate, in dynes per square centimetre, the 
atmospheric pressure when the barometer stands at 78 
centimetres. 

116. What is the atmospheric pressure, in pounds 
per square inch, when the barometric height is 28*5 
inches ? 

117. Determine the value of the atmospheric pressure 
in ounces per square foot, when the height of the water 
barometer is 30 feet. 

118. Express in grammes weight per square centi- 
metre, and also in kilogrammes weight per square 
metre, the pressure due to the atmosphere when the 
barometric height is 74 centimetres. 

119. The mercury in a cistern barometer stands at 
7 5 '8 centimetres; calculate, iir absolute measure, the 
pressure on the free surface of the cistern, the area of 
which is 40 square centimetres. 

120. What change in the atmospheric pressure, on a 
square inch, is indicated by a fall of i inch in the height 
of the barometric column ? 

121. State Boyle's law, and explain the nature of the 
limitations to which it is subject Give an account of 
Regnault's investigations upon the accuracy of the law. . 

122. The volume of a quantity of gas is measured 
when the barometer stands at 72 centimetres, and is 
found to be 646 cubic centimetres : what would its 
volume be at the normal pressure ? 

The normal pressure is that due to a column of mercury 76 
centimetres high ; and if / and v denote the original 
pressure and volume, and /' and t/ the final pressure and 
volume, the relation 

expresses Boyle's law. 
Thus the volume under the normal pressure would be 

z/=z;x/// = 646x 72/76 = 612 c.c. 

123. At what pressure would the gas in the preceding 
question have a volume of 580 cubic centimetres ? 
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The required pressure is given by the equation 

and is therefore equal to the pressure due to a column of 
mercury 72 x 646/580 = So- 19 centimetres high. 

124. A piston is situated in the middle of a closed 
cylinder, 10 inches long, and there are equal quantities 
of air on each side of it. The piston is pushed until it 
is within an inch of one of the ends : compare the 
pressures on each side. 

126. The same quantities of air are contained in two 
hollow spheres of radii r and / respectively : compare 
the pressures within the two spheres. 

126. A quantity of hydrogen gas was found to 
measure 146*8 cubic centimetres when the barometer 
stood at 78 centimetres. On the next day the volume 
had increased to 1 59*2 cubic centimetres : what was now 
the barometric height ? 

127. A. cylindrical receiver, fitted with a piston, con- 
tains air at a pressure of 15 pounds per square inch 
when the piston is 2 feet from the bottom of the 
receiver. What will be the pressure of the contained air 
when the piston is forced down until it is i inch above 
the base : and how far should the piston be pushed in 
order to increase the pressure to 100 pounds per square 
inch ? 

128. Compare the weights of equal volumes of air at 
pressures of 62*5 centimetres and 81 '6 centimetres 
respectively. 

129. A litre of air weighs i«293 gramme at the nor- 
mal pressure : find the weight of the air contained in a 
litre flask when the barometer stands at 82 centimetres. 

/ 130. Two closed vessels, A and B, are connected by 
a stop-cock : A is vacuous, while B contains air at a 
pressure of six atmospheres. If A is twice as large as 

\ B, And the common pressure in both the vessels after 

^the stop-cock is opened. 
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131. In the preceding question, if A originally con- 
tained air at a pressure of 1 20 centimetres of mercury, 
and B hydrogen gas at a pressure of 50 centimetres, 
what would be the pressure after opening the stop-cock ? 

132. The mouth of a vertical cylinder, 1 8 inches high, 
is closed by a piston whose weight is 6 pounds and area 
6 square inches. If the piston is allowed to fall, how far 
will it descend, supposing the atmospheric pressure to 
be 14 pounds per square inch when the piston is inserted ? 

133. The same quantities of air are contained in two 
hollow spheres whose radii are r and / respectively : 
compare the whole pressures on the spherical surfaces. 

134. A tube^ 6 feet in length, closed at one end, is 
half filled with mercury, and is then inverted with its 
open end just dipping into a mercury trough. If the 
barometer stands at 30 inches, what will be the height 
of the mercury inside the tube ? 

llie air in the tube expands and depresses the mercury until 
the pressure of the column of mercury and the pressure of 
the contained air (diminished by expansion) are together 
equal to the atmospheric pressure (30 inches). Suppose the 
mercury to fall until it stands x inches higher inside the 
tube than in the trough ; then the pressure on the air inside 
is (30 - x) inches. The volume of the air is proportional to 
the length of the tube which it occupies ; this was 3 feet= 
36 inches when the pressure was 30 inches, but under the 
diminished pressure of (30 - .r) inches the length occupied is 
(72 - ^) inches. Hence, by Boyle*s law, 

30x36= (30-^) (72-^). 

The roots of this quadratic equation are 90 and 12 ; and on 
inspection we find that the latter root alone satisfies the 
conditions of the problem : the root 90 is the solution of a 
different problem, the algebraical statement of which would 
lead to the same equation. 

136. A glass tube, i metre in length, and open at 
both ends, is plunged into a deep cistern of mercury 
until a length of 90 centimetres is submerged. The top 
is now closed by the finger, and the tube is raised until 
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a length of 90 centimetres stands out of the mercury. If 
the barometric height at the time is 7 5 centimetres, at 
what height will the mercury stand inside the tube ? 

136. To what height should the tube in the preceding 
example have been raised in order that the air might 
occupy a length of exactly 30 centimetres ? 

137. The tube of a barometer has a cross-section of 
I square centimetre, and when the mercurial column 
stands at ^^ centimetres the length of the vacuous 
space above it is 8 centimetres : how far will the 
mercurial column be depressed if i cubic centimetre of 
air is passed up into the tube ? 

Suppose the meicury to be depressed through x centimetres ; 
then X measures the pressure to which the enclosed air is • 
exposed. Since the section of the tube is i square centi- 
metre, the volume of the air under the pressure x centimetres 
is (8 + jr) cubic centimetres. Applying Boyle's law, 

77xi=jr(8+jr), 
or j?*+8jc-77=o, 

the positive solution of which is jc=5.65. Thus the mer- 
cury is depressed through 5.65 centimetres, and the baro- 
metric height, as indicated by this faulty barometer, is now 
77 ~ 5-^5 = 7 ''35 centimetres. 

138. What is the true barometric height when the 
faulty barometer in the preceding example indicates 65 
centimetres ? 

139. When a barometer stands at 75 centimetres, 
the volume of the empty space above the mercury is 8 
cubic centimetres, and its length is 13 centimetres : 
how far would the column fall if you introduced 5 cubic 
centimetres of air into the tube ? 

140. A quantity of air is collected in a barometer 
tube, the mercury standing 10 inches higher inside the 
tube than outside, and the correct barometric height 
being 30 inches. If the volume of the air under these 
conditions is i cubic inch, what would be its volume at 
the atmospheric pressure ? 
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141. A barometer which has not been completely 
freed from air reads 76 centimetres when the correct 
barometric height is 77 centimetres, the free internal 
height of the top of the barometer tube above the 
surface of the mercury in the cistern being 3$ centi- 
metres : show that when this defective barometer reads 
75 centinjetres a true barometer would stand at 75-9 
centimetres. 

142. The tube of a barometer has a cross-section of 
I square centimetre, and when the mercury stands at 
7 5 centimetres the volume of the vacuum above it is 
1 2 cubic centimetres : what would be the volume at the 
same pressure (75 centimetres) of the air which, when 

. introduced into this barometer, would depress the mer- 
cury (i) to 30 centimetres, and (2) to o centimetre ? 
' 143. A cylindrical diving-bell, 7 feet in height, is 
lowered until the top of the bell is 20 feet below the 
surface of the water. If the height of the mercury 
barometer at the time is 30 inches, how high will the 
water rise inside the bell ? 

Let X be the height of the space occupied by the air inside 
the bell ; the height of the column of water -Exerting pressure 
upon this is (20+^) feet. The pressure of the atmos- 
phere is equal to that of a column of mercury 30 inches 
high, or of a column of water whose height is 

30 X 13.6=408 in. = 34 ft. 

(This may be expressed by saying that the height of the water 

barometer is 34 feet. ) 
The total pressure is equal to that of a column of water whose 

he^ht is 34+20+jr=(S4+^) feet. Since the section of 

the bell is uniform, the original and iinal volumes are as 

7 to jc. ; and hence, applying Boyle's law, 

34x7=(54+-«^)^» 
or *^-t- 54^-238=0. 

The positive value of ;i; is 4.1; thus the water rises 2*9 feet 
within the bell. 

Note,—\n Examples 144-150 the height of the mercury baro- 
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meter may be taken as 30 inches and that of the water 
barometer as 34 feet. 

144. A cylindrical diving-bell, 9 feet high, is im- 
mersed in water so that its top is 27 feet below the sur- 
face : find how high the water rises within it. 

145. A cylindrical diving-bell, 8 feet in height, is 
lowered to the bed of a river 48 feet deep: to what 
height will the water rise within the bell ? 

146. To what depth must a diving-bell 6 feet high be 
immersed so that the water may rise 4 feet within it ? 

147. If the cross-section of the diving-bell in Example 
143 was 14 square feet, how much air at the atmospheric 
pressure would have to be introduced in order to keep 
the water from entering ? 

The bell originally contained 7x14=98 cubic feet of air, 
under a pressure =34 feet of water. When the bell is filled 
with air and its top is 20 feet below the surface, the total 
pressure on the airis34+20+7 = 6i feet of water. Hence, 
by Boyle's law, if v cubic feet of air at atmospheric pressure 
have to be introduced, 

34 (98 +2/) =61x98, 
and 

.•• z/=98 X 27/34 = 77-82 cub. ft. 

148. Find how much air would have to be pumped in 
so as to keep the water from entering if, in the preceding 
example, the bell had been lowered until the top was 
50 feet below the surface of the water. What would be 
the height of a mercury barometer within the bell when 
the latter was filled with air? 

149. An inverted test-tube, 6 inches long, and of 
uniform cross -section, is just immersed in mercury of 
specific gravity i ^'6 : how high does the liquid rise inside 
the test-tube.-* 

160. A cylindrical gas-jar, i foot in length, is plunged 
mouth downwards in sea- water of density i«o26: to 
what depth must it be sunk in order that the water may 
rise half way up the jar ? 
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151. The volume of the receiver of an air-pump is R, 
and that of the barrel is B : prove that if the density of 
the air in the receiver before exhaustion is D, the density 
after n complete strokes is, 

D^={R/(R + B)>»D. 

162. The receiver of an air-pump has three times the 
volume of the barrel : find the density after ten complete 
strokes. (Use logarithms : see § 1 2.) 

163. After three complete strokes the density of the 
air in the receiver of an air-pump was to its original 
density as 125:216: show that the volume of the 
receiver was five times that of the barrel. 

164. The receiver of an air-pump has a volume of 
1350 cubic centimetres, and it contains air of density 
0*001293 ^t the normal pressure. The pump is now 
worked until the density of the air is reduced by 2 5 per 
cent : find the mass of air that has been removed. 

166. Two bodies, whose volumes are 600 cubic centi- 
metres and 30 cubic centimetres respectively, are sus- 
pended from the arms of a balance, and exactly balance 
each other in vacuo : find what weight must be attached to 
the large body in order that they may balance each other 
in air. (i cubic centimetre of air = 0*0013 gramme.) 

166. Ifw denote the weight of a body in vacuo, and 
«/ its weight in water, prove that its weight in air of 
density 6 will be 

w-(w- tt/)S, 

167. The weights in vacuo of two portions of the 
same substance are iu and w\ The first portion is 
placed in the upper cup of a Nicholson's hydrometer in 
presence of air of density S^ and the hydrometer is 
immersed to the same depth as when the second portion 
is placed in the lower cup : show that the density of the 
substance is 

168. The volume of a balloon filled with coal-gas is 
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1,000,000 litres, and its mass (including the car), is 500 
kilogrammes. If the density of the air is 1*28, and that 
of the coal-gas 0.52, both being in grammes per litre, 
find what additional weight the balloon can sustaia in 
the air. 

EXAMINATION QUESTIONS. 

169. Define the measure of the elasticity of a fluid, 
and prove that if the elasticity is equal to the pressure; 
the pressure is inversely proportional to the volume. 

M. Tripos. 1875. 

^ 160. If a • centimetre cube of water b6 called a 
gramme, prove that the number of grammes in the 
earth is 6'I5 x io27, the diameter of the earth being 
taken to be 1.275x10^ centimetres, and the mean 
density to be 5-67. Camk Schol, 1885. 

161. A substance of specific gravity j when mixed 
with i/« of its volunie of A gives a mixture of specific 
gravity j^, and when mixed with ijm of its weight of B 
gives a mixture of specific gravity jg* if it be mixed with 
ijn of its volume of A and ijm of its weight of B, what 
will be the specific gravity of the mixture ? 

Vict. B. Sc. 1884. 

162. Equal volumes of three fluids are mixed, and the 
mixture separated into three parts : to each of these 
parts is thea added its own volume of one of the original 
fluids, and the densities of the mixtures so formed are in 
the ratios of 3 : 4 : 5 : prove that the densities of the 
£uids are as i : 2 : 3. Owens CoU. 1885. 

'. 163. A quantity of heavy liquid is at rest under the 
action of gravity, its surface extending over a consider- 
able area. State what you know respecting (i) the 
form of the free surface ; (2) the relation between the 
pressures in different directions at any point ; (3) the 
magnitude of the pressure at different depths below the 
surface. 

How might the value of "^" in different latitudes be 
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determined by means of a delicate pressure-gauge im- 
mersed to a constant depth, say 20 feet, beneath the 
surface of still water ? Matric. 1882. 

164. Find the pressure in grammes weight per square 
centimetre at the bottom of a vessel one and three- 
quarter metres deep, full of mercury. (Specific gravity 

of mercury 13*596.) Glasgow M. A. 1882, 

166. A cubical vessel with vertical sides, each 100 centi- 
metres in area, is filled half with mercury and half with 
water : find the pressure in dynes on one of its sides, 
and the position of the point through which the resultant 
fluid pressure on this side acts. (^=981 centimetres, 
specific gravity of Hg = 1 3.6.) BaiHol Cqll. i88x . 

166. Distinguish between the whole pressure and the 
resultant pressure of a heavy fiuid on a solid immersed 
in it. Find each, in pounds weight, for a cube of i 
foot edge with its centre 10 feet below the surface of 
still water, assuming a cubic foot of water to contain 

1000 ounces.- Prel.Sc.z886. , 

167. A hole, 6 inches square, is made in a ship's 
bottom 20 feet below the water-line. What force must 
be exerted in order to keep the water out by holding a 
piece of wood against the hole, if a cubic foot of sea- 
water contains 64 pounds ? Matric z886. 

168. A cubical box filled with water is closed by a 
lid without weight which can turn freely about one edge 
of the cube ; a string is tied symmetrically round the 
box in a plane which bisects the edge : show that if the 
lid be in a vertical plane with this edge uppermost, the 
tension of the string is one - third the weight of, the 

water. Camb. SchoL z886. 

169. Two indefinitely long cylinders equal in all 
respects are placed on a horizontal plane, their bases 
being connected by a horizontal pipe of small section. 
The cylinders are filled to depths of 2 feet and i foot by 
fluids of densities 3/3 and 6p respectively. Show that if 
a volume of fluid of density 4/9, which would occupy a 
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length of either cylinder greater than 3 feet, be poured 
into the second cylinder, the free surfaces of the fluids 
in the cylinders will lie on the same horizontal plane. 

Camb. Schol. 1883. 

170. Show how the pressure of the atmosphere may 
be expressed in absolute units. Two vertical cylinders 
are filled with water to the same level ; they are con- 
nected at the bottom by a horizontal cylindrical tube i 
centimetre in diameter and 1*5 metre below the level 
of the water ; the tube is closed by a trap-door : find 
the force upon the trap-door in dynes if the temperature 
of the water on the one side be i s'^C, and on the other 
be i6°a 

Density of water at I5*C. = '999173 gm. per c.c. 
„ „ i6°C. = .999oi5 » » 

Camb. Schol. x886. 

171. A piece of lead weighing 1 7 grammes, and a 
piece of sulphur, have equal apparent weights when sus- 
pended from the pans of a balance and immersed in 
water. When the water is replaced by alcohol of density 
o»9, I '4 gramme must be added to the pan from which 
the lead is suspended to restore equilibrium. Determine 
the weight of the sulphur, the density of the lead being 

1 1 '3 3 2. Int. Sc. 1886. 

This problem can be solved without knowing 'the density of 
the lead. For if V and V denote the volumes of the 
lead and sulphur, D and D' their respective densities ; then 
the equations of equilibrium reduce to 

V(D-i)=V(D'-i) . . . (I) 
and 

1 .4 + V(D - 0.9) = V'(D' - 0.9). 

Multiplying equation (i) by 0*9, we have 

0.9VD - o-9V = o.9V'D' - 0.9V', 
.-. i.4 + oiVD = o.iV'D'. 
Now 

VD = weight of lead = 17 gm. 

, \ weight of sulphur = V'D' = 3 1 gm. 
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172. A cube of glass of which the length of the edge 
is 3 centimetres is suspended in paraffin oil by a thread : 
find the apparent weight (Specific gravity of glass 

2*5, of paraffin oil 0-84.) Glasgow M.A. 1884. 

173. A piece of silver and a piece of gold are sus- 
pended from the two ends of an equal armed balance 
beam, which is in equilibrium when the silver is im- 
mersed in alcohol (density = 0*85), and the gold in nitric 
acid (density = i-s). The densities of the silver and 
gold being io«5 and 19-3 respectively, what are their 
relative masses ? Matric. 1885. 

174. What is meant by the loss of weight of a body 
in a liquid ? 

A piece of lead and a piece of sulphur are suspended 
by fine strings from the extremities of a balance beam 
and just balance each other in water. Compare their 
volumes, their densities being respectively 11 -4 and 2 
grammes per cubic centimetre. Which of them will 
appear to be the lighter in air, and what weight must be 
added to it to restore equilibrium? int. Sc 1883. 

176. Investigate the resultant pressure of a fiuid on 
a body partially immersed in it. 

Two solids whose weights are 4 pounds and 6^ 
pounds, the volume of the former being double that of 
the latter, are connected by a weightless string passing 
over a smooth pulley, and rest in equilibrium totally 
immersed in fluids of specific gravity i»3 and 3-24 
respectively : find the volumes of the solids. 

Cam. Gen. Exam. 1884. 

176. A piece of wood floats partly immersed in water, 
and oil is poured on the water until the wood is com- 
pletely covered. Explain clearly whether this will make 
any change (and if so, whether there will be an increase 
or a decrease) in the portion of the wood below the 

water. * Matric. 1885. 

177. What is meant by the specific gravity of a 
substance ? 

G 
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A body floats with one-tenth of its volume above the 
surface of pure water : what fraction of its volume 
would project above the surface if it were floating in 
liquid of specific gravity i'25 ? Matric. 1883. 

178. When a solid body floats in a certain liquid it 
is just half immersed. When it floats in a mixture of 
equal quantities of that liquid and water two-thirds of it 
are immersed : find the specific gravities of the solid 
and liquid. Edinb. m.a. 1885. 

179. A piece of iron, weighing 275 grammes, floats 
in mercury of density 13-59 with five-ninths of its volume 
immersed : determine the volume and density of the iron. 

Matric. 1885. 

180. Distinguish between the absolute and the ap- 
parent weight of a body. The apparent weight of a 
piece of platinum in water is 60 grammes, and the 
absolute weight of another piece of platinum twice as 
big as the former is 126 grammes: determine the 
specific gravity of platinum. Matric. z886. 

181. A specific gravity bottle full of water weighs 44 
grammes, and when some pieces of iron, weighing 10 
grammes in air, are introduced into the bottle and the 
bottle again filled up with water, the combined weight is 
527. grammes : what is the specific gravity of the iron ? 

Matric. 1887. 

182. Find the specific gravity of a specimen of wood 
from the following data : — 

Weight in air of specimen . . . 28J gm. 
. „ air of brass sinker attached to 

specimen . . . -25 „ 

„ water of specimen and sinker i '9 „ 

Specific gravity of brass . . . 7'9 ,, 

Glasgow M.A. z88a. 

183. A cylindrical piece of cork, of height h^ is float- 
ing with its axis vertical in a basin of water. If the 
basin be placed under the receiver of an air-pump, and 
the air be pumped out, prove that the cork will sink 
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through the space ha- {1 - s)/(i - o-), where o- is the ratio 
of the densities of air and water, and s the ratio of the 
densities of cork and water. ind. c. s. 1885. 

184. Give a clear explanation of the statement that 
the mercury in a barometer tube is sustained by atmos- 
pheric pressure. What data would you require in 
order to calculate the height of a glycerine barometer 
when the pressure of the atmosphere is 1 5 pounds per 
square inch ? Matric. 1885. 

186. Glycerine rises in a barometer tube to a height 
of 26 feet when mercury stands at 30 inches. The 
specific gravity of mercury is 1 3'6 : find that of gly- 
cerine. Matric. x886. 

186. A cylindrical tube a metre in length and having 
one end sealed contains dry air at the ordinary pressure 
and temperature. The tube is dipped vertically with its 
open end downwards into a tank of mercury, till the air 
within it is compressed to four-fifths of its foriner volume : 
find the distance of the top of the tube from the free 
surface of the mercury in the tank, the height of the 
barometer being 7 50 millimetres. Matric. 1879. 

187. State the laws of compression for air and water 
respectively. Assuming them to hold for great ranges 
of pressure, show that a bubble of air will sink in water 
if the pressure be sufficiently increased ; and calculate 
roughly at what pressure this will take place. (At a 
pressure of one atmosphere the density of air is 1/773 
of the density of water.) Edinb. m.a. 1884. 

188. If the height of the barometer at the sea-level be 
760 millimetres, the specific gravity of mercury 13-6, 
and the specific gravity of sea- water 1-02, at what depth 
below the surface is the pressure per square centimetre 
equivalent to the weight of 10 kilogrammes ? 

Camb. Schol. 1883. 

189. A barometer stands at 30 inches, and the space 
occupied by the Toricellian vacuum is then 2 inches ; if 
now a bubble of air which would at atmospheric pressure 
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occupy half an inch of the tube be introduced into the 
tube, prove that the sur&ce of the mercury in the tube 
will be lowered 3 inches. Show also that the height of 
a ccMTect barometer when this false one stands at x 
inches is :r + 1 5/(32 - x), Camb. Schol. 1885. 

100. A cylindrical diving-bell of length hj^ is sunk 
in water till its lowest part is nh below the surface ; if 
the water fill \ of the bell, show that the bell contains 
air whose volume at atmospheric pressure would be 
\{fi + ^^)V, V being the volume of the bell and h the 
height of the water barometer. Camb. b.a. z88o. 

101. The height of the water barometer is 33 J feet ; 
a bubble of gas has a volume of i cubic inch at a depth 
of. 100 feet below the surface of pure water : what will 
be its volume on reaching the surfkce ? Matric 2884. 

102. A cubic foot of water weighs 1000 ounces. A 
cylindrical test-tube is held in a vertical position and 
immersed mouth downwards in water. When the 
middle of the tube is at a depth of 3275 feet it is found 
that the water has risen half-way up the tube : find the 
atmospheric pressure in pounds weight per square inch. 

Matric 1889. 

103. Having given that the density of the air is 
•00129, the density of mercury i3'596, and the height 
of the barometer 75*9 centimetres, prove that if the unit 
of force be taken to be the weight of 800 kilogrammes, 
the numerical value of the pressure of the air will be 
almost exactly equal to that of its density, it being 
assumed that a centimetre cube of water weighs i 

gramme. M. Tripos. z88p. - . 

104. The height of the water barometer being' 33' 
feet 9 inches, and the specific gravity of mercury 13-5, 
find at what height a common barometer will stand in a 
cylindrical diving-bell when lowered until the water fills 
one-tenth of the bell. How far will the surface of the 
water within the bell be below the external surface ? 

Camb. Schol. z886. 



!:. 
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196. Suppose that a cubic foot of air weighs 1*2 
ounce, and a cubic foot of water 1000 ounces. A 
balloon so thin that the volume of its substance may be 
neglected contains 1*5 cubic feet of coal-gas, and the 
envelope, together with the car and appendages, weighs 
I ounce. The balloon just floats in the middle of the 
room, without ascending or descending : find the specific 
gravity of coal gas (i) compared with air, (2) compared 
with water. Matric. 188a. 

196. A cylindrical diving-bell weighs 2 tons, and has 
an internal capacity of 200 cubic feet, while the volume 
of the material composing it is 20 cubic feet. The bell 
is made to sink by weights attached to it. At what 
depth may the weights be removed, and the bell just not 
ascend, it being given that the mass of a cubic foot of 
water is 1000 ounces, and the height of the water 
barometer 33 feet ? Matric. 1883. 

197. What are the conditions of equilibrium of a 
floating body ? 

A Cartesian diver consists of a hollow ball with a 
weight attached to it. There is an opening at the 
bottom of the ball, and it contains a quantity of air. If 
the diver be made of glass (specific gravity = 3*3 3), and 
weigh 7*05 grammes, find the volume of air in it in 
order that it may just float in water at its maximum 
density, and show that if it contain 5*2 cubic centimetres 
of air and be sunk to a depth of 500 millimetres in the 
water it will not rise again, the pressure of the air above 
th^ jvater being that due to 10 metres of water. (The 
■ >*5^1it of the air in the diver may be neglected.) 

; " . Camb. Schol. x88x. 

. IDfti i-Atmospheric air having a volume of 50 litres at 

%ordinarJf. pressure (1000 grammes weight per square 

r 'cfentiriietre) is admitted into a vessel having a volume of 

':^''i cubic metre, and containing only aqueous vapour at a 

pressiiriB of 4 grammes weight per square centimetre. 

'"What, is the pressure of the mixture in grammes weight 
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per square centimetre, and in centimetres of mercury ? 
(Density of mercury = 13-59 grammes per cubic centi- 
metre. The temperature is supposed to remain constant 

throughout.) Prcl. Sc X887. 

199. Explain the action of a syphon. A syphon tube 
with vertical arms filled with mercury (p) and closed at 
both ends is inserted into a basin of water (o-). When 
the stoppers are removed examine what will ensue, and 
prove the following results if the barometer is sufficiently 
high: 

(i.) If ky the whole length of the outside arm, exceeds 
Ay the whole length of the immersed arm, the mercury 
will flow outwards and the water will follow it. 

(ii.) U A> k, the ends of the immersed tube must be 
at a depth below the free surface of the water exceeding 
(A - k) p/a- in order that the mercury may not flow back 
into the basin. M. Tripos. 1885. 



CHAPTER III 
HEAT— EXPANSION 

1. Expansion of Solids 

Definition. — The coefficient of linear expansion of a sub- 
stance is the increase in length produced in unit length of the 
substance by a rise in temperature of i degree centigrade. 

Approximate Coefficients of Linear Expansion. 



Glass 



o '0000086 



Platinum .... o*ooooo86 

Iron ..... o*ooooi2 

Copper .... o>ooooi7 

Brass ..... 0*000019 

Zinc ..... 0*000029 

These values may be assumed in solving the examples in this 
chapter. All temperatures are expressed on the centigrade 
scale. 

Let a denote the coefficient of expansion of a body whose 
length at 0° is /q : on heating to i^ the expansion produced will 
be /qo/. The length /< of the body at /** will be given by the 
equation — 

/« = /o + W=^(i+«0 • • • (0 

1. Find the length at 200° of a zinc rod wbose length 
at 0° is 128 cm. 

If the length at 200° be denoted by /^m* *^^" 
^200 = ^0(^+2000) 

= 128(1 + 200 X 0*000029) 
= i28x 1*0058 
= 128*7424 cm. 
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2. A piece of brass wire is exactly 3 metres long at 
250** : what will be its length at 0° ? 

Using the same system of notation, we have, by equation (i), 

= 300/(1 + 250 X 0*000019) 
= 300/1 '00475 = 298 '582 cm. 



If the length /^ of a metal bar at /^ is given, and its length l{ 
at another temperature t is required, we may find its length at 
o** as in the preceding example, and then proceed as in Ex. i. 
But a result which is very nearly correct may be obtained more 
directly by means of the equation 

l^=z/t{i+a'/^) . . . (2) 

This formula may be proved as follows. By equation (i) we 
have 

/, = /o(i+o/), 

and /e' = ^(l+«^)> 

.•./,' = /,(! +«/')/( 1+ a/). 

Now the coefficients of expansion of metals are expressed by 
numbers which are very small compared with unity ; and unless 
/ and f' are very high temperatures, a/ and a/ will also be small 
compared with unity. It therefore follows that (i +a/)/{i +a/) 
=zi+ct/ -at (see §11)} and 

/,' = /q( I + O'/' - /), approximately. 



3. A steel metre-scale was carefully measured at 10° 
and its length was found to be 99-981 cm. At 40° its 
length was found to be ioO'Oi5 cm.: calculate the 
coefficient of expansion of the steel, and find the tem- 
perature at which the scale is exactly i metre long. 

By equation (2) we have 

a = (/.'- /,)//,(/'-/) 
= (100-015 -99-98i)/99«98i x 30 
= 0-034/2999-43 = o-ooooi 13. 
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If x"" be the temperature at which the scale is correct, 

100=3 99*981 {i +o-ooooii3(x- 10)}, 
.*. jir- io=o>oi9/o-ooooii3 X99-98I, * 
and x= 10+ 16*82 = 26f*82. 

4. A copper rod, the length of which at 0° is 2 metres, 
is heated to 200° : what will its length now be ? At 
what temperature will its length be 200*51 centimetres? 

6. The length of a glass tube at 100° is 154 cm. : 
what would its length at o* be ? 

6. An iron yard-measure is correct at the temperature 
of melting ice : express, as a fraction of an inch, its 
error at the temperature of boiling water. 

7. What is the length of a brass wire which on heat-' 
ing through 200'' increases in length by i centimetre ? 

8. The distance between two points appears to be 
87*2 cm., when measured at 28^ on a brass scale which 
is right at 0° : what is the real distance ? 

9. What must be the length at 50° of a brass standard 
yard-measure, in order that it may be exactly correct at 
the freezing-point ? 

10. The length of the iron railway bridge across the 
Menai Straits is about 46 1 metres : find the total expan- 
sion of this iron tube between - 5° and 35°. 

11. A rod which is exactly 2^ metres long at 10® is 
heated to 160°, when its length is found to be 2*277 
metres : what is its coefficient of expansion ? At what 
temperature will its length be 2*295 metres? 

12. A copper wire is found to be 0*034 cm. longer at 
25° than it is at 5**. Calculate accurately what its length 
at o" would be. 

13. A metal scale was examined at 32** F. and 76° 
F., and was found to have expanded 0*014 ^^^ between 
these temperatures : find what change would be produced 
in its length by an elevation of temperature of 50® C. 

14. Calculate the superficial expansion produced by a 
rise of 40° C. in a plate of sheet-iron 5 ft. long and 3 ft. 
broad. 
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16. A steam-pipe, intended to convey steam at no'*, 
is formed of iron piping in lengths of 1 5 ft. ; assuming 
that the temperature of the pipe, when it is not convey- 
ing steam, is 12°, find how much play must be allowed 
at each joint. 

16. Two long slips of metal, one of iron, the other of 
brass, are firmly riveted together : describe what will 
happen when they are heated, and explain how the 
unequal expansion of metals has been applied : — 

(i) In the determination of temperature. 

(2) In the construction of delicate chronometers. 

17. A sheet of brass is 20 cm. long and 15 cm. 
broad at 0° : what is its superficial area at 80° ? 

18. A rod of iron and a rod of brass are placed side 
by side, and firmly riveted together at one end. Their 
lengths at 0° are 1*5 and 2*5 metres respectively, so that 
the distance between their free ends at this temperature 
is exactly i metre. The compound bar is inmiersed in 
a hot oil-bath at a temperature of 220®: what is now 
the distance between the free ends .•* 

19. Show that the lengths of the metal bars of a 
compensation-pendulum should be inversely proportional 
to the coefficients of expansion of the metals. If the 
length of the iron bars be 87 centimetres, what should 
be the length of the zinc bars ? 

20. The time of vibration of a pendulum is propor- 
tional to the square root of its length, and a certain 
clock with an iron pendulum rod is made so as to keep 
correct time at 5** : how will its rate alter if the tempera- 
ture rises to 30° ? 

21. A clock which keeps correct time at 25'' has a 
pendulum rod made of brass : how many seconds a 
day will it gain if the temperature falls to the freezing- 
point ? 

22. A spherical iron ball, of 5-01 cm. diameter at o'', 
rests upon a copper ring, the internal diameter of which 
is exactly 5 cm. at the same temperature. To what 
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temperature must both be heated in order that the ball 
may just pass through the ring ? 

Let / be the required temperature. The diameter of the iron 
ball at f is 5*oi(i +0*000012/), and the internal diameter 
of the copper ring at the same temperature is 5(1 + 
0*000017/). Assuming that the ball will just pass through 
the ring when their diameters are equal, we have 

5*01(1 + 0*000012/) = 5(1 + 0*000017/), 
. •. o*oi + (5*01 X 0*000012/) = (5 X 0*000017/), 

and 

/=o*oi/(5 X 0*000017 - S'Oi X 0*000012) 
= 0*01/0*00002488, 
or / = 402**. 

23. A platinum wire and a strip of zinc are both 
measured at o"*, and their lengths are foimd to be 2 5 1 
and 250 cm. respectively: at what temperature will 
their lengths be equal, and what will be their common 
length at this temperature ? 

24. Prove that the coefficient of contraction is, for 
most solids, approximately equal to the coefficient of 
expansion. 

A glass tube which is 99*994 cm. long at 5°, and a 
brass rod of which the length at 22° is 100*019 ^^^"t ^^ 
found to be of exactly the same length at an inter- 
mediate temperature : what is this temperature ? 

25. Prove that the coefficient of cubical expansion of 
a substance is approximately three times its coefficient of 
linear expansion. 

The coefficient of linear expansion of vulcanite is 
0*00008 : what change will be produced in the volume 
of a slab of vulcanite on heating it to 90**, if the slab at 
0° is I ft. long, 10 in. broad, and i in. thick? 

26. The volume of a leaden bullet at 0° is 2*5 cubic 
centimetres, and its volume at 98** is found to be 2*521 
cubic centimetres : prove that the coefficient of cubical 
expansion of lead is 0*0000857. 

27. The density of standard silver at 0° is 10*31, and 
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its coefficient of cubical expansion is 0*000058 : find its 
density at I5o^ 

28. The coefficient of cubical expansion of sulphur is 
0*000223, ^^d ^ certain piece of sulphur is found to dis- 
place 48 c.c. of water at o" : what volume of water will 
it displace at 35"* ? 



2. Expansion of Liquids. 

20. Distinguish between the real and apparent ex- 
pansion of a liquid contained in a glass vessel. If the 
apparent coefficient of expansion of mercury contained 
in a glass vessel is 1/6500, while its coefficient of abso- 
lute expansion is 1/5500, what is the coefficient of 
cubical expansion of the glass ? ^ 

^ The absolute dilatation of a liquid is approximately equal 
to its apparent dilatation, together with the cubical expansion of 
the containing vessel. This may be proved as follows : — 

Let Vq be the common volume of the vessel and the liquid 
at 0°, V the real volume of the liquid at any temperature /, and 
V its apparent volume at the same temperature. 

If d be the coefficient of absolute expansion of the liquid, its 
real volume at / is V=r Vq(i + 5t) ; or, substituting A for 5/, 

V=Vo(i+A) .... (a) 

The apparent volume of the liquid is 

V' = Vo(H-D). . . .(b) 

D being equal to ^/, where d is the coefficient of apparent ex- 
pansion. 

V is also the apparent volume of the portion of the vessel in 
which the liquid is contained at the temperature /. If ^ be the 
coefficient of cubical expansion of the vessel, its real volume is 
V'(i +>6/), and this is equal to V, the real volume of the liquid. 
Putting kt=Kf we have 

V = V'(i+K) . . . . (c) 
From equations (b) and (c), by multiplication, we have 

V = Vo(i+D)(i+K). 
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30. Describe the behaviour of water when it is heated 
from o" to 10° C. How would you show the existence 
of a point of maximum density between these tempera- 
tures ? 

31. The density of a liquid at 0° is Dq, and its co- 
efficient of cubical expansion is k ; show that its density 
atr is 

32. Two thermometers, one filled with mercury, the 
other with water, are marked so as to agree at two fixed 
points, but their readings are found to differ at inter- 
mediate temperatures. Explain this fact, and discuss its 
bearing upon the general question of thermometric 
measurements. 

Explain precisely what you understand by the symbol 
" 200° C." 

83. The volume of a gramme of water being i c.c. at 
4**, and I '0169 C.C. at 60°, what is the mean coefficient 
of expansion of water between these temperatures ? 

34. The density of water at 4** is unity, and its 
density at 60" is 0-9834 : find its mean coefficient of 
expansion between 4** and 60". 

36. Describe Dulong and Petit's method of measuring 
the real expansion of mercury, giving a sketch of the 
apparatus employed. State the hydrostatic principle 
upon which the method is based, and show that if H^ and 
Hq denote the height of the hot and cold colimins re- 
spectively, the coefficient of expansion is 

H,-H ^^ 

'-~iv • 

Comparing this with equation (a), we see that 

i+A = (i+D)(i+K) 
= I+D + K + DK. 

Now both D and K are small quantities compared with unity, 
and hence their product may be neglected (see § 11). 

Therefore A = D + K. 
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86. Point out the defects in the above method which 
render it difficult to make accurate measurements. 
Sketch and describe the modified form of apparatus in- 
troduced by Regnault. 

37. In an experiment made by the above method, the 
heights of the mercury columns were 6o cm. and 6 1 -oq 
cm., their temperatures being o" and loo" respectively: 
what value does this give for the coefficient of expansion ? 

Note, — In Examples 38-47 the coeflficient of real expansion of 
mercury is to be taken as o*'oooi82. 

38. In an experiment made according to Dulong and 
Petit's method, the heights of the two columns of mercury 
were 90 cm. and 91 '7 cm. ; if the first column was at o", 
what was the temperature of the second .'* 

89. Assuming that the density of mercury at 0° is 
I3'6, prove that its density at 120° is 13-3. 

40. Show that the volume of a gramme of mercury at 
1 10° is 0'75 C.C., and that the weight of i c.c. of mercury 
at 80° is 1 3*4 gm. 

41. The height of the barometer is found to be 
77.25 cm., the temperature of the air being 25°: prove 
that the corresponding barometric height reduced to zero 
would be 77*17 cm., i.e, that the barometric column 
would stand at this height if the mercury were at 0°. 

42. A specific gravity bottle contains exactly 687 gm. 
of mercury at 70° : show that its internal volume at this 
temperature is 5 1 • 1 7 1 c.c. 

4m3. Prove that the mean coefficient of real expansion 
of mercury between 0° and 300° is 0*0001864, having 
given that its density is 13.595 at o", and 1 2*875 ^t 
300°. 

44. A weight thermometer contains M grammes of a 
liquid at 0°; on heating to a temperature /, m grammes 
of the liquid are expelled : show that the coefficient of 
apparent expansion of the liquid in its envelope is 

/&=»;/(M-/«)/. 
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46. A glass bulb, with bent capillary tube, was filled 
with mercury at the temperature of melting ice : it was 
then heated to 100°, and the expelled mercury carefully 
collected and weighed Calculate the apparent coefficient 
of expansion of mercury between these temperatures from 
the data given below : — 

Weight of mercury expelled = 1 0-2877 gm. 
„ of bulb + mercury at 100° = 697*5 gm. 
„ of bulb alone = 38.5 gm. 

46. A weight thermometer weighs 40 gm. when 
empty, and 490 gm.' when filled with mercury at o**; on 
heating it to loo**, 6'85 gm. of mercury escapes. Calcu- 
late the coefficient of expansion of the glass. (See notes 
on pp. 92 and 94.) 

47. A glass fiask contains 1*36 kilogramme of mer- 
cury at 0°: find the volume at 100° of the mercury which 
is expelled when the fiask and its contents are heated to 
100°. [Coefficient of cubical expansion of glass = 
0.000025.] 

48. A weight thermometer which contains a kilo- 
gramme of mercury at o** is placed in an oil-bath, and 
the mercury expelled is found to weigh 20 grammes. 
Find the temperature of the bath, the coefficient of ap- 
parent expansion of mercury in glass being 0-000155. 

49. A glass vessel with a capillary stem weighs 
104-53 gm. when empty, and holds 623-51 gm. of mer- 
cury at 0°. What is the temperature when the whole 
apparatus weighs 717-62 gm. ? 

60. How much mercury would have been expelled if 
the glass vessel in the preceding example had been 
heated to 100° exactly? 

61. A piece of glass, the weight of which in air was 
46-76 gm., was found to weigh 31-29 gm. in water at 
its point of maximum density (4°), and 31-51 gm. in 
water at 60°. Find the coefficient of cubical expansion 
of water, taking that of glass as 0-000024. 
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The loss of weight of the glass when weighed ia water at 4° 
is 46*76 -31 -29= 15*47 gm., so that the volume of the 
glass at 4° is 15*47 c.c. At 60° its volume is 

15*47 X (i + 0*000024 X 56) = 15*47 X X.001344 

= 15*4908 C.C. 

Now the loss of weight on weighing in water at 60** is 
46*76 -3X*5X = 15*25 gm. ; therefore 15*4908 c.c. is the 
volume occupied by 15*25 gm. of water at 60°. This 
quantity of water at 4° would occupy 15*25 cc, so that if 
k be the coefficient of expansion of water, 

15*4908 = 15*25(1+56^), 

and .'.k = — — — 7=0*000282. 

15-25x56 

52. The method indicated in the preceding example 
can also be employed for measuring the expansion of a 
solid when that of the liquid is known (Matthiesen's 
method). Explain fully how you would proceed to find 
ab initio the coefficients of cubical expansion of a solid 
and a liquid (say glass and water). 

58. A glass rod which weighs 90 grammes in air is 
found to weigh 49*6 gm. in a certain liquid at 12°. At 
97° its apparent weight in the same liquid is 51*9 gm. : 
find the coefficient of absolute expansion of the liquid. 

The loss of weight at 12" is 90-49*6 = 40*4 gm. If D be 
the density of the liquid at 12", the volume of the glass at 
this temperature is 

V = 40*4/0. 

The loss of weight at 97' is 90 -51 '9 = 38*1 gm., and if 
D' be the density of the liquid at this temperature, the vol- 
ume of the glass at the same temperature is 

V' = 38*i/D'. 

But since the coefficient of cubical expansion of glass is 

0*000024, 

V' = V(x +85 X 0*000024) 
= V X I *oo204. 
Therefore 

38*i/D' = I '00204 X 40 '4/0. 
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Again, if ^ be the coefficient of expansion of the liquid be- 
tween 12' and 97°, D' = D/(n-8s>J). Thus 

38-1 X (1+ 85^) = 1.00204 X 40-4, 

= 40*4824. 
.*. 38.1 X 85^ = 46'4824-38'i=2'3824, 
and ^ = 2-3824/38.1 X 85 =0.0007356. 

64. A solid is found to weigh 29.9 gm. in a liquid of 
specific gravity 1.2 1 at 10**, its weight in air being 
45.6 gm. It weighs 30.4 gm. in the same liquid at 95*, 
when its specific gravity is 1-17. Calculate the coeffi- 
cient of cubical expansion of the solid. 



3. Expansion of G-ases. 

Charleis Law, — The volume of a given mass of gas, 
kept at a constant pressure, increases by a definite 
fraction of its amount at 0° for each degree rise of 
temperature. 

For air, hydrogen, oxygen and nitrogen, the value of 
this fraction (which is the coefficient of cubical expan- 
sion) is 0-00366, or approximately 1/273 : the latter 
value may be adopted in solving the examples in this 
chapter. 

Let Vq denote the volume at 0° of a mass of gas whose 
coefficient of expansion is a ; by Charles's Law, its 
volume at any other temperature f will be 

or, since a =1/273, I (3) 

On the supposition that the law holds good down to 
- 273**, the volume of the mass of gas would appear to 
vanish at this temperature, which is called the absolute 

H 
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zero of temperature. Temperatures reckoned from this 
zero ( - 273**) are called absolute temperatures. 

If the volume V^ of a mass of gas be given, its volume 
V^', at any other temperature /"* may be found either by 
first calculating its volume at o% or more simply as 
follows : — 

By equation (3), 



and 
Therefore 



V|=V,(i+c«/), 
V,'=Vo(i+«/). 



V,~I+a/ • 
or, substituting for a its value 1/273, ' 

V/ I + /'/273 _ 273 + /^ 
V, '"i+//273'"273 + / 



(4) 



(5) 



TAe volume of a given mass ofgc^s, kept at a constant 
pressure y is^ therefore proportional to its absolute temperor 
ture?- 

If we denote by T' and T'* the absolute temperatures 
corresponding to the temperatures f and /" in the cen- 
tigrade scale, equation (5) reduces to the simpler form 

A gas is said to be at the normal pressure and tem- 
perature [N.P.T.] when its pressure is equal to that of a 
column of mercury 76 centimetres in height, and its 
temperature is o'' C. If a gas be heated while its volume 

^ The student should compare this with what we have stated 
on p. 88 respecting the expansion of metal rods, and should he 
careful not to adopt the method there given when dealing with 
expansion of gases. The coefficients of expansion of gases are 
much larger Enactions than those which express the coefficients 
of linear expansion of solids, and hence the approximate calcula- 
, tion on p. 88 is not applicable here. 



inj EXPANSION OF GASES 99 

is kept constant, the pressure increases just as the volume 
increases when the pressure is kept constant ; so that if 
Pq denote the pressure at 0°, the pressure at any other 
temperature /° is 

Pj=Po(i+a/). . . . (6) 

a denoting here the coefficient of increase of pressure 
at constant volume, which has the same value as the 
coefficient of increase of volume at constant pressure 
(1/273). This last equation is similar to equation (3); 
and if we substitute P for V in the other equations 
(4 and 5), they will also hold good for change of 
pressure. 

66. 100 c.c. of air is measured off at 20° : if the tem- 
perature be raised to 50**, what will the volume now be, 
the pressure remaining constant ? 

By equation (5), if Vg^ be the required volume at 50**, 

Vfio^273jfso^323^ 

100 273 + 20 293' 
and 

••• Vgo = 32300/293= 110-24 C.C. 

66. The weight of a litre of air at N.P.T. is i'293 
gm. : to what temperature must the air be heated so 
that it may weigh exactly i gm. per litre ? 

Let ^ be the required temperature, then at /** i'293 &™« of 
air occupies a volume of 1*293 htre, and the question is 
equivalent to the following : to what temperature must we 
heat a litre of air, taken at o**, in order to increase its 
volume to 1*293 litre? The value of / is therefore given 
by the equation 

i.293=i+//273, 

thus /=o«293x 273 = 79*99, 

and the required temperature is 79°* 99. 

67. A closed fiask containing air at 0° is connected 
with a mercury manometer which indicates that the 
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pressure inside is less than that outside, the difference 
being equal to the pressure due to a column of mercury 
1 5 cm. high. The flask is gradually heated : find the 
temperature at which the internal and external pressures 
will be equal, the barometric height being 75 cm. At 
what temperature will the pressure inside the flask be 
two atmospheres ? 

The pressure inside the flask is equal to that due to a column 
of mercury the height of which is 75 - 1 5 = 60 cm. Suppose 
that at f the pressure increases to 75 cm., then, by equa- 
tion (6), 

7S = 6o(n-//273), 
.•.60^/273=15, 

and / = 273x i5/6o = 68°.25. 

Again, if f^ be the temperature at which the pressure is 2 
atmospheres (=150 cm.), 

150 = 60^1 +/'/273), 
.*. 6o/'/273 = 9o, 

and Z' = 273 X 90/60 = 409°'5. 

68. What will be the volume at 75° of a quantity of 
air which occupies 2*5 litres at o**. At what temperature 
will its volume be exactly 3 litres ? 

69. At 50° the volume of a gramme of hydrogen is 
I3'2 litres : what is its volume (i) at 0°, (2) at 30° ? 

60. What volume of gas measured at 30° will have a 
volume of 200 c.c. at o** ? 

61. A litre of hydrogen weighs 0'0896 gm. at 0°; 
find the weight of 1602 c.c. of hydrogen measured 
at 110°. 

62. At what temperature will the volume of a given 
mass of gas be exactly double of what it is at 30° ? 

63. The stopcock of a copper boiler containing air at 
the normal pressure is closed when the temperature is 
25**: it is then immersed, first in melting ice,' and 
secondly in boiling water. Calculate the pressure (in 
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centimetres of mercury) inside the boiler in both cases, 
neglecting the expansion of the boiler. 

64. A certain mass of gas has a volume of 1250 c.c. 
at 90° : find its volume at 363°. 

65. Calculate the mean coefficient of expansion of air 
between 0° and 200°, having given that its density is 
0.001293 at 0° and 0.0007457 at 200*. 

66. If the volume of a quantity of air at 10° be 230 
c.c, at what temperature will its volume have increased 
to 285 C.C? 

67. An iron cylinder at 1 3** contains oxygen gas at a 
pressure of 6 atmospheres : if the cylinder is made to 
stand a pressure of 2 1 atmospheres, show that it may be 
heated to 728° before bursting. 

68. Describe carefully an experimental method of find- 
ing the relation (i) between the voliune and temperature 
of a gas kept at constant pressure, (2) between the pres- 
sure and temperature of a gas kept at constant volume. 

69. A quantity of mercuric oxide is heated, and the 
oxygen given off is found to measure 300 c.c. On 
cooling to the temperature of the room (9°* 5) the volume 
is reduced to 290.5 c.c. : what was the original tem- 
perature ? 

70. 6 litres of air at 1 0° are enclosed in the cylinder 
of an air engine, the cross-section of which is 200 sq. 
cm. The piston moves through a distance of 5 cm. : 
what elevation of temperature is required to keep the 
pressure constant ? 

71. A litre flask is filled with air at N.P.T. ; the 
temperature is then raised to 1 30°, the pressure remain- 
ing constant : find the volume that would be occupied 
by the air which escapes, if it were again cooled to o*. 
(You may neglect the expansion of the fiask.) 

72. The density of carbon monoxide is to that of 
carbon dioxide as 28 is to 44 : prove that the density of 
carbon dioxide at 156° is equal to that of carbon mon- 
oxide at o", the pressures being identical. 
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Laws of Boyle and Charles, — Let t/q be the volume 
at o** of a mass of gas, the pressure being p^. If the 
pressure changes to p (the temperature remaining con- 
stant), then, according to Boyle's Law, the volume 
becomes v^ x/q//. Now let the gas be heated to any 
temperature f ; according to Charles's Law, the volume 
will now become 

2/=Vo(i+«^)// • • • (7) 
and therefore 

TT^-^<^'> [• . . (8) 

= a constant =/& (say) J 

Substituting for a its value 1/273, 

pv 



"i^-^tlzn 



=>&, 



or ./!L_ = A_ = R(say) . . . (9) 

Since 273 + /=T (the absolute temperature corre- 
sponding to f on the centigrade scale), we may write 
the last equation in the simple form 

-^=00051., or /z/ = RT . . . (10) 

Thus the product of the pressure and [volume of a 
given mass of gas is always proportional to its absolute 
temperature. 

73. A litre of dry air weighs 1-293 %^' at N.P.T. 
At what temperature will a litre of air weigh a gramme, 
the pressure being 72 cm.? 

Let f be the required temperature. A litre of air, taken at 
0°, would at f have the volume (i+Z/zy^i) litres, if the 
pressure remained constant ; but when it changes from the 
normal pressure (76 cm.) to 72 cm., the volume increases 
further, and by the preceding proposition becomes 

(i+//273)x76/72. 
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This is the volume (in litres) of 1*293 g''^* ^^ air at /° ; and, 
in order that i gm. of air at this temperature should occupy 
exactly a litre, we must have 

(I +//273) X 76/72 X 1.293= X. 
Thus 

(i+//273^x 76 = 72 X 1-293 = 93.1, 
.-. 767273 = 93.1-76=17.1, 
and /=273x I7.i/76 = 6i°.43. 

74. A quantity of air at the atmospheric pressure and 
at a temperature of 7° is compressed until its volume 
is reduced to one-seventh, the temperature rising 20° 
during the process : find the pressure at the end of the 
operation. 

By the above proposition [equation (10)], 

the letters having the usual signification. The absolute 
temperatures corresponding to 7° and 27° are T = 273 + 7 
= 280, and ^ = 273 + 27 = 300. Taldng the original 
volume as 7, and the final volume as i, we have 

I X 7/280=/ X 1/300 
.-. / = 7x 30/28 = 7-5» 

or the pressure at the end of the operation is 7^ atmos- 
pheres. 

76. A quantity of air is contained in a straight vertical 
tube closed at the lower end, the air being shut oif by a 
pellet of mercury, the weight of which may be neglected. 
When the temperature is 13°, the mercury is 66 cm. 
from the bottom of the tube. What will be its position 
when the temperature is 52°, and what is the temperature 
when the mercury stands at 63 cm. ? 

Since the tube is supposed to be uniform, the volume occupied 
by the air is proportional to the distance of the mercury 
from the bottom of the tube. Let d be the distance when 
the temperature is 52** : by equation (5) 
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66 Z73 + 13 22' 
and d= 3 x 25 = 75 cm. 

Again, if / be the temperature when the mercury stands at 
63 cm., by the same equation, 

63 _ 273+^ 
66 273+13' 

.•. 273 + /= 286x63/66 = 273, 
or the required temperature is 0°. 

76. A quantity of a certain gas was collected and 
found to measure 54*02 c.c. at a temperature of 22°, 
the barometric height being 74 cm. On cooling down 
to o* the volume became 49*3 cc, the height of the 
barometer at the time being 75 cm. : calculate the co- 
efficient of expansion of the gas. 

Let a denote the coefficient of expansion ; then, since the 
volume of the ga§ at 0° and 75 cm. was 49*3 cc, its 
volume at o** and 74 cm. would, by Boyle's Law, be 
49*3 X 75/74 = 49*97 cc, and at 22° and 74 cm. the 
volume would become 49*97 x (i +22a). 
Thus 

49*97 X (I + 220) = 54-02, 
. • . 49*97 X 22 X a = 54*02 - 49*97 = 4*05, 
and a = 4*05/49*97 x 22 = 0*003685. 

77. Compare the volumes of equal masses of air (i) 
at the normal pressure and temperature, and (2) at 10" 
and 85 cm. pressure. 

78. 450 cc. of air is measured off at 0° ; it is then 
heated to 30°, and the pressure is reduced to one-half: 
what is now the volume ? 

79. A quantity of air at atmospheric pressure is com- 
pressed so that its volume is reduced to one-tenth, the 
temperature being raised from 23° to 37° : express the 
new pressure in atmospheres. 

80. Compare the masses of equal volumes of air when 
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measured (i) at 0° and 30 in. pressure, and (2) at 65'' 
and 29 in. pressure. 

81. Compare the mass of 100 cubic feet of air at 40'' 
and under the atmospheric pressure, with the mass of 10 
cubic feet of air at o" and under a pressure of 20 atmos- 
pheres. 

82. If the barometer falls from 75 cm. to 70 cm., 
what must be the alteration in the temperature of a 
quantity of air originally at 1 7'' in order that its volume 
may remain constant ? 

Note. — ^The density of dry air at N.P.T, is 0*001,293 gramme 

per cubic centimetre. 

83. Show that the density of air at 76*8 cm. pressure 
and at 15° C. is 0*001239. 

84. What is the mass of the air contained in a 500 
c.c. flask at 10** and 73 cm. pressure? 

85. The cubical content of a certain room is 750 
cubic metres : calculate the mass of air contained in it 
at 17'* and T*] cm. pressure. 

80. The density of hydrogen is to that of air as 
1:14*44: calculate the volume occupied by a gramme 
of hydrogen at 16° and ^^ cm. pressure. 

87. What is the weight of 10 litres of dry air at 14" 
and 74 cm. pressure ? 

88. The internal volume of a glass flask is i litre at 
0°. It is filled with air at the normal pressure and 
temperature, and is then heated to 91" and opened 
under a pressure of 7 2 cm. Find the weight of the air 
that escapes. 

89. Explain the construction of some practical form 
of air-thermometer, and the method of using it. What 
reasons have we for supposing that measurements of 
temperature made by such a thermometer are more 
reliable than those made by thermometers which depend 
upon liquid expansion ? 

00. If a mass of gas occupies a volume of 1750 c.c. 
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at 8° and 79 cm. pressure, what will be its volume at 
26° and 74 cm. pressure.? 

91. A flask containing air is corked. up at 20° : find 
the pressure inside the flask after it has stood for some 
time in a steam-bath at 98°, the original pressure being 
the standard atmospheric pressure of 30 inches of 
mercury. 

If the flask can stand a pressure of 2^ atmospheres, 
at what temperature will it burst ? 

92. Compare the densities of the air at the bottom 
and top of a mine-shaft, when the temperatures and 
barometric pressures are 20** C. and 3 1 inches, and 5° C. 
and 30 inches respectively. 

93. A quantity of air is collected at 0° and 76 cm. 
pressure. The pressure now increases to 78 cm. : what 
change of temperature will cause the volume to increase 
up to its original value ? 

94. 'Compare the masses of air contained in a room 
( I ) when the temperature is 6° and the barometer stands 
at 78 cm., and (2) when the temperature is 20° and the 
pressure 73 cm. 

96. If the voliune of a gas at 1 3° be doubled, to what 
temperature must it be raised in order that the pressure 
may not be affected by the change of volume ? 

96. A cylindrical test-tube 10 inches in length and 
containing air at 0° is inverted over a mercury-bath and 
forced downwards until its upper (closed) end is level 
with the surface of the mercury in the bath, the baro- 
metric height at the time being 30 inches; to what 
temperature must the bath be raised in order that the air 
may fill the test-tube ? 

97. A mixture is made of 8 litres of hydrogen at 74 
cm. pressure and 3 litres of oxygen at 76 cm., both 
gases being at a temperature of 1 4°. The volume of the 
mixture is reduced to i o litres : find the pressure, and 
prove that if the mixture is cooled to — 7° the pressure 
will be equal to the original pressure of the oxygen gas. 
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98. Equal quantities of air at temperatures /^ and t^ 
are contained in two hollow spheres whose radii are r^ 
and Tg respectively : prove that the pressures within the 

spheres are as (i +a/i)/^i^ : (i +a/2)/^2^ ^^^ ^^^ *^® 
whole pressures on the internal surfaces of the spheres 

are as (i + at^jr^ ^ (^ + <^2)/^2- 

00. A kilogramme weight is placed inside a bladder, 
which itself weighs 50 granunes. The bladder is then 
partly filled with air at 0"" and tied up, when its volume is 
exactly i litre : find the temperature at which it will just 
float in water, the expansion of the water itself being 
neglected. 

EXAMINATION QUESTIONS. 

100. .Explain what is meant by the coefficient of ex- 
pansion of a substance. 

The rod of a two-seconds pendulum compensated on 
the ordinary zinc and iron principle consists of an iron 
rod 13*4 ft. long, the lower part of which passes through 
a zinc tube which rests on a nut at the bottom of the 
rod. This tube is surrounded by another of iron of the 
same length as itself, which hangs from a cap attached 
to the top of the zinc tube. The centre of gravity of the 
bob is attached to the lower end of the iron tube. The 
coefficient of expansion of zinc is •0000167 and that of 
iron •0000067. Show that the length of the tubes should 

be 8*978 ft. Camb. B.A. 1878. 

101. A tubular bridge made of wrought -iron has a 
surface area of 160,000 square feet. Show that it would 
cost £2 : 9s. more to paint it at 6d. per square foot when 
the temperature is 29** C. than when it is 4* C, the 
coefficient of linear expansion of wrought -iron being 

.0000 1225. Camb. B.A, 1883. 

102. A rod of copper and a rod of iron, placed side 
by side, are riveted together at one end. The iron rod 
is 1 50 cm. long, and a mark is made on the copper rod 
showing the position of the unriveted end of the iron at 



io8 HEAT— EXPANSION CH. 

o"* C. If at 30** the mark is 0*02 5 5 cm. from the end of 
the iron rod, what is the coefficient of expansion of 
copper, that of iron being 0-000012 ? 

Univ. Coll. Lond. x886. 

103. Distinguish between the absolute and the appar- 
ent expansion of mercury contained in a thermometer. 

The coefficient of absolute (cubic) expansion of mer- 
cury is •00018, the coefficient of linear expansion of 
glass is «ooooo8. Mercury is placed in a graduated 
glass tube, and occupies 100 divisions of the tube. 
Through how many degrees must the temperature be 
raised to cause the mercury to occupy loi divisions? 

Matric. 1883. 

104. How is the apparent related to the absolute 
expansion of a liquid ? 

A glass bottle holds 13 59*6 grammes of mercury at 
the temperature of melting ice. If the temperature be 
raised to that of boiling, water, how much mercury will 
be expelled from the bottle, the coefficient of apparent 
expansion of mercury in the glass being o«oooi54 ? 

Matric. 1886. 

106. A glass bottle holds at o** C. 10169-3 grains of 
mercury, while at 100" C. it only holds 100 11-4 grains. 
Assuming that the dilatation of mercury between o* and 
100** is •018153, find the coefficient of cubical expansion 

of the glass bottle. Owens Coll. 1886. 

106. Describe some method by which the expansion 
of water has been studied. 

IfS be the expansion of water between 4° and 0° C, 
and A its expansion between 4° and /", show what is the 
density of water at /** referred to water at o"' 

Int. Sc. 1884. 

It should be noticed that the change of volume is positive on 
either side 0/4"^ because water expands on cooling from 4° 
downwards. Thus if unit volume of water be taken at 4°, 
its volume at 0° will be (l +5), and at f* will be (i + A). 
Let d^ and d^ represent the densities of water at o" and t° 
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respectively. Since the mass of water remains the same, 
the prodact of the volume into the density remains constant. 

or ^« = ^o(l +«)/(! +^). 

which is the required relation. 

107. Given the absolute expansion of mercury between 
two fixed temperatures, show how to determine the 
absolute expansion of a liquid between these temperatures 
by means of a weight thermometer about which nothing 
is previously known. 

Thermometers constructed with liquids A^ B agree with 
a mercurial thermometer at temperatures O" 7*, O* V* 
respectively. Find at what temperature on the mercurial 
thermometer they give the same reading, having given 
Apparent expansion of ^ = a^-\-aj^^ 

where / is measured on the mercurial thermometer. 

Oxford Z885. 

108. A solid weighs 320 grammes in vacuo, 240 
grammes in distilled water at 4** C, and 242 grammes in 
water at 100° C, of which the density is 0.959. Find 
the volume of the solid at these two temperatures, and 
deduce therefrom its mean coefficent of cubical expansion 

for I ** C. Int. Sc. 1876. 

100. Describe carefully some method of measuring 
the coefficient of expansion by heat of a solid substance. 

The apparent mass of a piece of glass weighed in 
water at 4** is 25 grammes, its real mass being 37. 5 
grammes ; its apparent mass when weighed in water at 
100** is 25.486 grammes. The coefficient of cubical ex- 
pansion of glass per 1° C. is .000026. Show that the 
volume of i gramme of water at 100** C. is 1.043 cubic 
centimetres. ind. c. S. x886. 

110. Iron is 7.8 times as dense as water when they 
are compared at 4** C. What are their relative densities 
at 100** C. ? The coefficient of linear expansion of iron 
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is 0'0000i2, and the expansion of water between 4** and 
loo"* is 0-043 of the volume at 4°. Prei. Sc. 1886. 

111. The weight of a body in air is 10*, in water at 4** 
is 9-49998*, and in water at 10** is 9-50007*: find the 
coefficient of expansion of the body and its density, 
given that i c.c. of water at 4** becomes 1-00025 ex. 

at 10°. Balliol Coll. i88z. 

112. A solid is weighed in a liquid at 0° C. and 
100° C. The volume of the solid at 0° C. is unity and 
at I GO** C. I -006. Also the loss of weight by weighing 
in the liquid is, at o" C, 1800 grains, and at 100° C, 
1750 grains. Find the coefficient of dilatation of the 

liquid. Int. Sc Honours 1877. 

113. Suppose that the proportional cubical internal 
expansion of a glass sp. gr. bottle between o** and ioo° C. 
is '00235, while the similar expansion of mercury is 
•01 8 1 53. Suppose also that, when the bottle contains 
a piece of iron weighing 2000 grains, the remainder of 
it will contain 6707-8 grains of mercury at o** C, while 
at 100° C, under these circumstances, it will only con- 
tain 6599-4 grs. Finally, assume that the sp. gravities 
of mercury and iron at 100" C. are 13-2 and 7-8 respec- 
tively. Determine the cubical dilatation of iron between 
0° and 100° C. B. Sc. 1877. 

114. Experiments on the expansion of benzene gave 
the following results : — 



Temperature. 

0" ... 


Volume. 
I 


20" ... 
40" . . . 
60° . . . 
80** ... 


I -0241 
1-0500 
1-0776 
I -1070 



Show that the coefficient of expansion can be represented 
by the formula a + ^/, and determine the values of the 
constants a and d, B. Sc. 1884. 

116. Determine the height of the barometer when a 
milligramme of air at 27° C. occupies a volume of 20 



mm 
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cub. cm. in a tube over mercury, the mercury standing 
73 cm. higher inside the tube than outside, (i gramme 
of air at o" C. under a pressure of 76 cm. of mercury 
measures 773*4 cub. cm.) int. Sc. 1885. 

Let A denote the height of the barometer, then the pressure 
of the air in the tube over mercury is A - 73. At this 
pressure, and at 27°, a milligramme of air measures 20 cc, 
whereas at o*" and 76 cm. pressure it measures 0*7734 cc. 
By equation (9), p. 102, we have . 

(^ - 73) X 20 76 X 0-7734 

273 + 27 " 273 ' 

. •. A - 73 = 76 X 0-7734 X 300/20 X 273 = 3.23, 

and the required barometric height is 76*23 cm. 

116. How may the relation between the pressure and 
ten^)erature of a given mass of air at constant volume 
be determined ? 

A quantity of air occupies 10 cubic feet at o' C. and 
under a pressure of 20 inches of mercury. What will be 
its volume at 30° C. and under a pressure of 1 200 inches 
of mercury ? Matric. 1884. 

117. Explain accurately what is meant by the state- 
ment that the coefficient of expansion of air is 1/273. 
The volume of a certain quantity of air at 50* C. is 500 
cubic inches. Assuming no change of pressure to take 
place, determine its volumes at $0"" C. and at loo"* C. 
respectively. Matric. 1887. 

118. What is meant by saying that the absolute 
temperature of a gas is 300** C? If the absolute tem- 
perature be 260** C, what is the temperature in the 
Centigrade scale ? 

Two condensers contain equal quantities of air. One 
of them at temperature 47° C. is 30 in. long, 20 in. 
broad, and 10 in. high ; and the other at $7° C. is 30 in. 
long, 25 in. broad, and 8^ in. high. Show that the 
pressure of the air is the same in both. Camb. b.a. 1883. 

119. A vessel contains air at 0° C. and at atmospheric 
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pressure. It is heated to loo** C, and during the pro- 
cess one ounce of air escapes. How many ounces of 
air were there originally in the vessel, the expansion of 
the vessel itself being neglected.? The coefficient of 
expansion of air at constant volume is 1/273. 

Matric. x886. 

120. A given quantity of a gas is made continually 
to occupy the same space. Explain what changes will 
take place in its pressure when changes take place in its 
temperature. 

A straight vertical tube, the section of whose bore is 
one inch, is closed at its lower end, and contains a 
quantity of air which supports an air-tight piston whose 
weight is i lb. The position of the piston is observed 
when the temperature of the air is 31** C, and the weight 
of the piston is then increased by i lb. Find what in- 
crease of temperature will be required to bring back the 
piston to its former position, the atmospheric pressure 
being 1 5 lbs. per square inch, and the absolute zero of 
the air thermometer being - 273" C. Camb. b,a. 1884. 



CHAPTER IV 
SPECIFIC AND LATENT HEAT 

1. Specific Heat. 

1. A COIL of copper wire weighing 45' i gm. was dropped 
into a calorimeter containing 5 2* 5 gm. of water at lo**. 
The copper before immersion was at 99°'6, and the 
common temperature of copper and water after immersion 
was i6'*-8. Find the specific heat of the copper wire. 

The quantity of heat (Q) given out by a body of mass m and 
specific heat s in cooling through an interval of temperature 
^ is Q = msO^ Thus if s denote the specific heat of the 
copper, the amount of heat evolved by it in cooling from 
99'''6 to le^'S is 45- 1 X J X (99-6 - i6«8). 

Since the specific heat of the water is unity, the amount of 
heat required to raise its temperature from lo** to i6'*«8 is 
^2*5 XIX (i6'8 - 10), and as no heat is supposed to be 
gained or lost these two quantities are equal. 

.'. 45'i xjx82-8 = 52-5 x6-8, 
and J = 357/3734-3 = 0-0956. 

2. What is the temperature of an iron ball weighing 5 
lbs., which, when immersed in 8 lbs. of water at 13% raises 
the temperature to 48° ? The specific heat of iron is o* 1 1 2. 

If the temperature of the ball before immersion was f^ the 
number of heat-units ^ which it gives out, in cooling to the 
final temperature of 48°, is 5 x o»i 12 x (/ - 48). 

^ Since specific heat is merely a number, or a numerical 
ratio between quantities of heat, it is independent of the unit of 

I 
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Assuming that no heat is gained or lost during the experi- 
ment, this must be equal to the number of heat -units 
absorbed by the cold water, ue, to 8 x (48 - 13). Equat- 
ing these two quantities, we have 

5 xO'ii2x(/-48) = 8x(48- 13), 

.-. 0.56/= 8x35-^(0.56x48), 
= 280-^26-88 = 306.88, 

and ^ = 548^ 

3. In order to determine the specific heat of silver, 
a piece of the metal weighing 10.205 S™. ^^^ heated 
to loi'^.Q and dropped into a calorimeter containing 
81.34 gm. of water, the temperature of which was 
raised from ii'*.o9to ii**.7i. The water equivalent 
of the calorimeter, agitator, and thermometer em- 
ployed was 2.91 gm. : find the specific heat of the 
silver. 

The heat evolved by the hot body is 10.205 xjx (101.9 - 
11.71), where s is the sp. heat of the silver. The heat is 
partly absorbed by the water and partly by the calorimeter, 
etc., and these are together equivalent to (81.34 + 2.91) 
gm. =84.25 gm. Since these are raised from 11 ".09 to 
il"./!, the heat absorbed is 84.25 (11.71 - 11.09). 

Equating these quantities, we have 

10.205 xjx 90.19 = 84.25 XO.62, 
and .'. J =0.05677. 



mass (or weight) employed ; and this is also true for latent heat. 
In the statement or solution of a problem it is a matter of in- 
difference whether we take as our unit of mass the pound, the 
kilogramme, or the gramme, provided that we use this unit 
consistently, the corresponding units of heat in the three cases 
being the pound -degree (or amount of heat required to raise one 
pound of water through i° C), the kilogramme-degree, and the 
gramme-degree. The last, which is the C.G.S. unit, is some- 
times called a *< calorie," and Berthelot distinguishes the kilo- 
gramme-degree from this by calling it a ** Calorie" (i Calorie 
= 1000 calories). 
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4. The same piece of silver was heated to io2°'2 and 
immersed in 75-3 gm. of turpentine at 1 0^.98 : the ex- 
periment was performed with the same apparatus as in 
Ex. 3, and the final temperature was I2'''47. Calculate 
the specific heat of the turpentine. 

Taking the sp. heat of the silver as 0*05677, the amount of 
heat which it gives out is 

10*205 X 0*05677 X (i02*2- 12*47) = 51*97. 

Of this, 75*3xjx(i2*47- 10*98) is absorbed by the turpen- 
tine, s being its sp. heat ; and the calorimeter absorbs 

2*91 X (i2*47 - 10*98) = 4*336. 

Equating the amounts of heat absorbed and emitted, 

51-97 = (75-3 x^xi-49) + 4-336, 

, 47-634 ^ ^^- 
and s= =0*425. 

75-3x1-49 ^ 

6. A certain vessel holds 800 c.c. of water at its 
temperature of maximum density (4**). How much heat 
must be imparted to the water before it begins to boil ? 

6. Define specific heat. A body of mass M and 

specific heat S at a temperature T° is dropped into a 

mass m of a, liquid of specific heat j at /*; prove that the 

final temperature is 

MST + ms^ 

" MS + ms 
and that, if the liquid is water, 

m{0 - 1) 



S = 



M(T - e) 



7. How many units of heat are required to raise the 
temperature of 1 50 grammes of copper (of specific heat 
0*095) from 10" to 150** ? 

8. What amount of heat must be given to an iron 
armour-plate 2 metres long, i metre broad, and 20 cm. 
in thickness, in order to heat it from 10° to 140** ? [Sp. 
gr, of iron, 7*7; sp. heat, 0*112.] 



/ 
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0. The thermal capacity (or water equivalent) of a 
body being defined as the product of its mass into its 
specific heat, calculate the capacity for heat of a copper 
calorimeter of 125 grammes. What special name is 
given to the thermal capacity of unit mass of a sub- 
stance ? 

10. A body of mass M at a temperature T" is dropped 
into a mass m o( a. liquid of specific heat s contained in 
a calorimeter of mass m' made of a substance of specific 
heat s'j both the calorimeter and the liquid being at /°: 
if the final temperature is 6y prove that the specific heat 
of the solid is 



S = 



M(T - 6) 



[Expressions such as those developed in Examples 6 and 10 
are convenient when a number of similar problems have to be 
solved, or iii calculating the results of actual laboratory ex- 
amples where corrections have to be applied ; but the student 
will find that in general it is best to work out problems in 
specific and latent heat directly by equating the quantities of 
heat evolved by the hot body and absorbed by the cold body, as 
in the solved examples 1-4.] 

11. Find the specific heat of a substance 1 00 grammes 
of which at 90°, when immersed in 250 grammes of water 
at 12°, gave a resulting temperature of 18°. 

12. What is meant by the statement that the specific 
heat of water is thirty times the specific heat of 
mercury ? 

. If a kilogramme of mercury at 1 20° is poured into a 
vessel containing 200 gm. of ice-cold watier, what will 
be the temperature after the whole is mixed? How 
would the weight and material of the vessel affect the 
result ? 

Nb/e, — In Examples 13-16 the specific heat of mercury is to be 

taken as 1/30. 

13. Two pounds of boiling water are poured upon ten 
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pounds of mercury at 16°: what will be the common 
temperature after mixing ? 

14. Compare the thermal capacities of equal volumes 
of water and mercury, the density of mercury being 
13-6. 

16. A flask containing half a litre of mercury at o'' is 
immersed in boiling water, and allowed to remain there 
until the mercury has attained the temperature of the 
water: how many heat -units does it gain from the 
water? 

16. Equal masses of boiling water and of mercury at 
- 5** are mixed together : prove that the resulting tem- 
perature is 96°'65. 

17. A kilogranmie of mercury contained in a glass 
flask is heated by immersing the flask in a beaker of 
boiling water ; it is then poured into a large flask con- 
taining 500 C.C. of water at lo**, and after shaking 
thoroughly the temperature is found to be 1 5°«3 : find the 
specific heat of mercury. 

What errors would probably occur in carrying out 
these operations, and how would they influence the 
result ? 

IS' 35 grammes of copper are heated to 98*' 5 and 
mixed with 30 grammes of water at ib'*-3. The tem- 
perature of the mixture is found to be I9°'2 : what is the 
specific heat of copper ? 

10. 61 J ounces of water are mixed with 100 ounces 
of alcohol, and the final temperature is found to be mid- 
way between the two initial temperatures : what is the 
specific heat of alcohol ? 

20. A pound of boiling water is allowed to cool 
down to 10": if all the heat given out were employed 
in warming 40 pounds of air, initially at o**, to what 
temperature would it be raised? [Sp. heat of air 
= 0.237.] 

21. Calculate the specific heat of silver from the 
following data : — 



f 



I0.2 gm 


84.0 „ 


. 102° 


. ir.08 


. ii''.69 
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Weight of silver . 
Weight of water . 
Temperature of silver . 
Initial temperature of water 
Final temperature 

22. 30 grammes of iron nails at 100° are dropped 
into 60 grammes of water at I3'''2, and the final tem- 
perature is 1 8'*'6. What is the specific heat of the 
nails? 

23. If you had at your command a supply of boiling 
water and of tap-water at 10°, what quantities of each 
would you take in order to prepare a bath containing 20 
gallons of water at 35° ? 

24. A 7-lb. iron weight was taken out of an oil-bath 
and immediately immersed in 10 lbs. of water at 8*", 
whereupon the temperature rose to 20°. If the specific 
heat of iron is o* 1 1 2, what was the temperature of the 
oil-bath ? 

This suggests a method of measuring high tempera- 
tures, such as those of furnaces : how would you carry 
it out practically ? 

26. Equal volumes of turpentine at 70° and of 
alcohol at 10' are mixed together: find the resulting 
temperature. 

[Sp. gr. of turpentine = 0*87, of alcohol = 0-80. 
Sp. heat of turpentine = o«47, of alcohol = 0-62.] 

Let V be the volume taken, and 6 the resulting temperature. 
The mass of the turpentine is 0*87 z/, and the amount of 
heat which it evolves in cooling from 70° to d° is z/ x 0*87 x 
0'47(7o - d). This is entirely spent in warming a mass 
0'8z/ of alcohol from 10° to ^°, for which operation 
z» X 0'8 X 0*62 (^ - 10) heat-units are required. 

Equating these quantities, we have 

0'87 X 0-47(70 - e) = 0'8 X o-62(^ - 10). 
Thus 28»623 + 4*96 = ^ X (0*496 -H 0'4o89), 

and ^ = 33-583/o-9049» 
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26. The densities of two substances are as 2 to 
3, and their specific heats are o* 1 2 and 0-09 re- 
spectively : compare their thermal capacities per unit 
volume. 

27. Assuming that the density of boiling water is 
©•96, and that the density of mercury at 0° is 13.6, 
calculate the resulting temperature when equal volumes 
of boiling water and mercury at 0° are mixed. 

28. The specific heat of air at constant pressure is 
0*237, and a litre of air weighs i'293 gramme: how 
much heat is given out by 50 litres of air in cooling from 
25' to 5"? 

29. Hot air at 650° is used for superheating steam 
which is originally at 100''. The air and steam are kept 
at constant pressure during the operation, under which 
circumstances their specific heats are o«237 and 0*4 8 
respectively, and they are introduced into the superheater 
in the proportion of 2 lbs. of air to 7 lbs. of steam. If 
the air is allowed to cool to 400**, to what temperature 
will the steam be raised ? 

30. Three liquids. A, B,.and C, are at temperatures of 
30", 20**, and lo** respectively. When equal parts (by 
weight) of A and B are mixed, the temperature of the 
mixture is 26" ; and when equal parts by weight of A 
and C are mixed, the temperature is 25°. Prove that 
a mixture of equal parts of B and C will have a tempera- 
ture of i6'*§. 

Let Sat S5, and S« denote the specific heats of the liquids A, 
B, and C respectively. The equation for the amounts of 
heat evolved and absorbed when equal parts of A and B 
are mixed reduces to 

(30 - 26)Sa = (26 - 20)85, 

2 

and . • . Sft = - Sffl. 

3 
Similarly, when A and C are mixed, 

(30-25)S« = (25-io)S6, 



/) 
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and .*. S<. = - S„. 

3 
If ^ be the temperature of a mixture of equal parts of B 
and C, 

(20-^)S5 = (i?-io)S^ 

i.e, (20 - ^) . - . Sa = {9 - 10) . - . Sa, 

CO 2 

. • . 40-26 = 6-10, and ^ = — = 16* -. 

3 3 

31. 10 grammes of a liquid at 90° were mixed with 
an unknown quantity of a second liquid of specific heat 
0-25 and temperature 16"; the resulting temperature 
was 43° '7$, If the specific heat of the first liquid was 
0-45, what was the weight of the second ? 

32. A liquid of specific heat 0*54 and temperature 
29° is mixed with another liquid of specific heat o«36 
and temperature 11°, and the final temperature was 17°. 
In what proportions were the liquids mixed ? 

33. Equal weights of three liquids, whose specific 
heats are j^, s^y and jg, and temperatures /j', /g*** and /g" 
respectively, are thoroughly mixed : find the tempera- 
ture of the mixture. 

34. In order to find the specific heat of absolute 
alcohol, a quantity of it was boiled in a test-tube, and 
poured at its boiling-point (78**«5) into a calorimeter 
containing 74 gm. of turpentine at io'*'6. The 
calorimeter was weighed before and after the addition ; 
the gain of weight was I4'7 gm., and the final tem- 
perature was 2 5°«2. Find the specific heat of the 
alcohol, that of the turpentine being o«466. 

What advantage was there in using turpentine in this 
experiment ? 

36. 200 c.c. of water at 55** is poured into a copper 
calorimeter whose mass is 30 gm. and specific heat 
0-09 5. Assuming that the calorimeter was previously 
at the temperature of the air, viz. lo**, and that the 
whole of the heat evolved by the water in cooling is 
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absorbed by the copper, find the temperature to which 
the water is cooled. 

36. I o grammes of a metal were taken for a specific 
heat determination, and by a preliminary experiment it 
was found that the rise of temperature was insufficient, 
being only 3°' 7. The quantity of water in the calori- 
meter was reduced by one-third: what weight of the 
metal should now be taken to produce a rise of 12**, the 
other conditions remaining the same ? 

37. 40 gm. of water at 45" were poured into a 
leaden crucible weighing 300 grammes, which had 
previously been standing in a room the temperature of 
which was 16°. The water was cooled to 39°-46 : 
what is the specific heat of lead ? 

38. In two experiments made to determine the sp. 
heat of lead shot, the water equivalent of the calorimeter 
was I '3, and that of the thermometer was 0-5. You are 
required to find the mean value from the results given, 
allowing for the heat absorbed by the calorimeter and 
thermometer. 



Weight of water 
Weight of shot 
Temperature of shot 
Initial temp, of water 
Final 



tt ») 



Exp. I. Exp. II. 

48'igm. 52*4 gm. 



6o«9 ,, 90*0 

100" loo** 

iS^'-o I4°-I5 

i6^2 iS^-s 



30. Describe the method employed by Regnault in 
determining the specific heats of gases at constant pres- 
sure, explaining in detail the construction of the heating 
apparatus and calorimeter, and the means adopted for 
obtaining a current of the gas at an uniform pressure. 

40. If the quantity of heat required to raise unit 
mass of a substance from o" to /** be represented by 

show that the mean specific heat of the substance 
between /° and /"* is given by 
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V 



and that the true specific heat at f* is 

41. Regnault found that 100-5 units of heat were 
required to raise the temperature of. unit mass of water 
from 0° to loo**, and 203-2 to raise its temperature to 
200° ; taking the specific heat of water at 0° as unity 
(i.e. putting a=^i in the preceding equations), prove 
that the true specific heat of water at any temperature 
fy between 0° and 200°, is given by the equation 

S^ = I + 0-00004/ + O-OOOOOO9A X 

Show also that the true specific heat of water at 150** 

is 1-02625. 

■ # 

2. Chanfire of State and Latent Heat. 

Note. — The latent heat of water is 80, and the latent heat of 

steam is 536. 

42. How would you show that heat is absorbed when 
common salt is dissolved in water ? 

Anhydrous calcium chloride eagerly absorbs water, 
and dissolves in it with evolution of heat ; whereas when 
crystallised chloride of calcium is dissolved in water, the 
temperature falls. How do you explain these facts ? 

43. A quantity of common salt is mixed with water, 
both being at 0° C. After solution the temperature is 
found to be below 0°, and if melting ice be employed 
instead of water, the fall in temperature is still more 
marked. Explain these results. 

44. A glass flask is filled with a mixture of ice and 
water, and a narrow tube with an india-rubber stopper is 
fitted into the neck so as to force the water up to a 
certain height in the tube ; the flask is then immersed 
in lukewarm water. State exactly what will be observed 
in the tube. 



li 



IV] CHANGE OF STATE 123 

46. Give a sketch of the reasoning by which it was 
predicted that the effect of a great increase of pressure 
would be to lower the melting-point of ice. Show how 
the prediction has been verified ; and mention any im- 
portant results arising from this fact. 

46. If a fine wire with weights at its ends is hung 
over a block of ice at o*, it is found that the wire cuts 
through the block, but that the ice reunites behind the 
wire, leaving the block still continuous. Explain this. 

47. Define the latent heat of fusion of ice, and show 
that its numerical value may be deduced from the feet 
that when equal weights of boiling water and melting ice 
are intimately mixed, the ice all melts, and the resulting 
temperature is 10°. 

48. How muth ice at o* will be melted by 500 
grammes of boiling water ? 

40. How much hot water at 75* will just melt 10 lbs. 
of ice ? 

60. Would a change in the thermometric scale affect 
the numerical value of the latent heat of a substance ? 
The specific heat of lead is 0-03 1 5 and its latent heat of 
fusion is 5-34 when the Centigrade scale is employed : 
what are the corresponding numbers in the Fahrenheit 
scale 1 

51. How many grammes of ice must be dissolved in 
a litre of water at 20° in order to reduce its temperature 
to 5°? 

52. 300 grammes of melting ice are mixed with 700 
grammes of boiling water, and the resulting temperature 
is 46°: what is the latent heat of fusion ? 

68. How many pounds of iron (sp. heat o* 1 1 2) at 
400° must be introduced into an ice calorimeter in order 
to produce 3 lbs. of water ? 

64. A 10- gramme weight made of brass (sp. heat 
0-09) is heated to 100°, and dropped into a mixture of 
ice and water : how much ice will be melted ? 

55. In an experiment made to determine the latent heat 
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of fusion of ice, 1 20 grammes of ice were dropped into 
a beaker containing 300 grammes of water at 50°. After 
all the ice was melted, the temperature of the water was 
found to be 13°: calculate the latent heat of fusion. 

66. A ball of copper weighing 30 gm. was heated 
to 100° and. placed in an ice calorimeter. In cooling 
down it evolved sufficient heat to melt 3*54 gm. of ice : 
what is the specific heat of copper ? 

57. 155 cc of water was obtained when a piece of 
iron at 100'' was introduced into an ice calorimeter : if 
the mass of the iron was i*o8 kilogramme, what was its 
specific heat ? 

68. The bottom of a cylindrical vessel is covered by 
a layer of ice i decimetre thick. What must be the 
height of a column of boiling water whith, when poured 
upon the ice, will just suffice to melt it ? [Sp. gr. of ice 
= 0-9 17; sp. gr. of boiling water = 0'96.] 

Let <r denote the sectional area (in sq. cm.) of the vessel, and A 
the height of the column of hot water. The volume of the 
water is A<r cc, its mass is Aax 0*96, and the number of 
heat -units which it evolves in cooling from 100° to 0° is 
Atrxo g6x 100. 

Again, the mass of the layer of ice is 10 (r x 0*917, and the 
number of heat-units required to melt it is 100- x 0*917 x 80. 
Equating, we have 

96/^ (T =3 800 X o • 9 1 70-, 
and A = 733.6/96 = 7*64. 

Thus a column of water 7*64 cm. high will give out just 
enough heat to melt the ice. 

69. Assuming that the specific heat of ice is 0*5, its 
specific gravity 0*92, and the weight of a cubic foot of 
water 62*5 Ibs^ find how many pound- degree units of 
heat are required to convert a block of ice i ft. long, 6 
in. thick, and 9 in. broad, at- 10° into steam at 100°. 

60. I cwt. of ice at 0° was taken into a warm room : 
some time afterwards it was found to have melted com- 
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pletely, and the water produced by the fusion was at 21°. 
Express the cooling effect of the ice in pound-degrees of 
heat. 

If the air in the room mentioned was originally at 29** 
and finally at the temperature of the water, find how 
many pounds of air were cooled firom 29° to 21** by the 
changes mentioned, taking the specific heat of air as 
0.237. 

61. Find the result of mixing i lb. of snow at 0° with^ 
4 lbs. of water at 30°. 

When snow (or ice) is mixed with water, one of two things 
must happen : either a portion only of the snow will be 
melted, in which case the mixture of snow and ice will 
have a temperature of 0°; or the whole of the snow will 
be melted, in which case the final temperature can be 
found as below. In solving such questions the student 
should first find by inspection whether the whole or part 
only is melted ; otherwise he will only be able to form 
from the given data a single equation to find two unknown 
quantities. 

The amount of heat required to melt i lb. of snow at 0° is 
80 pound-degree units of heat, and the number of these 
heat-units which 4 lbs. of water would evolve, in cooling 
from 30° to 0°, is 4 X 30= 120 ; since 12080, it is clear 
that the whole of the snow will be melted. Let be the 
final temperature of the mixture : the heat evolved by the 
water is 4 x (30 - 0), and the heat absorbed by the snow 
(first in melting, and then in being raised to 0"*) is 80 + 0, 
Equating, we have 

120-4^ = 80-}-^, 
and ^ = 40/5 = 8. 

Thus the result is 5 lbs. of water at 8**. 

62. Find the result of mixing 2 lbs. of ice at 0° with 
3 lbs. of water at 45°. 

Only a portion of the ice will be melted, for the amount of 
heat which the water can give out in cooling to 0° is only 
3 X 45 = 135 ; whereas 2 x 80 = 160 heat-units are required 
to melt all the ice. Thus the final temperature will be 
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that of a mixture of ice and water, viz. o*. If x denote 
the amount of ice melted, 

8ojr=3 X 45, and .\ x =i«7. 

ResuItj;5-7l^-°f^^t^'|allato». 
(0-3 „ ice \ 

63. If 5 lbs. of snow be mixed with 2 lbs. of water 
at 6o°, how much snow will be melted ? 

64. Explain clearly what is meant by the statements : 
'"the specific heat of ice is 0-5," "the latent heat of 

water is 80." What is the result of mixing a pound of 
ice at - lo** with a pound of water at 50** ? 

65. If a quantity of snow be dissolved in five times 
as much water at 25°, by how much will the temperature 
of the water be lowered ? 

66. Find the result of mixing 3 lbs. of melting ice 
' with 7 lbs. of water at 60°. 

67. What will happen if 2 lbs. of boiling water are 
poured upon 2 lbs. of snow at 0° ? 

68. Phosphorus melts at 44°-2, but can be cooled 
considerably below this temperature before solidification 
sets in. Show that if solidification commences at a 
temperature of 3o°.7, just one-half of the mass will 
remain in the molten state. The latent heat of fusion 
of phosphorus is 5*4, and its specific heat in the molten 
state is 0*2. 

Let the quantity of melted phosphorus be denoted by unity, 
and let x be the amount which solidifies : on solidification 
the temperature of the whole rises suddenly, the result 
being a mass x of solid phosphorus, and a mass (i ~ ;ir) of 
molten phosphorus, both at 44**' 2. The amount of heat 
evolved in the solidification is 5*4^, and the amount re- 
quired to raise the whole mass to 44°*2 is (44*2 - 30*7) x 
o«2. Equating these quantities, we have 5»4Jif=i3'7x 
0'2, and jf=2'7/5'4 = o»5, so that exactly one-half of the 
phosphorus remains in the molten state. 

69. 10 gm. of phosphorus is melted and then 
gradually cooled to 26°, at which temperature solidifica- 
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tion commences : find how much will remain in the 
liquid state. 

70. A quantity of water is cooled down gradually to 
— 1 5°, and it then commences to freeze : assuming that 

the specific heat of water below the freezing point is 
unity, find how much ice will be produced. 

71. Discuss fully the relative advantages and dis- 
advantages of the various methods of determining the 
specific heat of a substance, stating which you would 
adopt when the amount of the substance at your dis- 
posal is very small. How would you proceed to determine 
the specific heat of a substance by means of Bunsen's 
ice-calorimeter ? 

Theory of the Bunsen Ice-calorimeter, — The latent 
heat of fusion of ice is 80, i,e, 80 heat-units are required 
to melt I gramme of ice. Now since the density of ice 
is 0-91 674, I c.c. of ice weighs 0-91674 gramme ; hence 
the volume of a gramme of ice is 1/0.91674= 1.0908 
c.c, and a mixture of ice and water will diminish in 
volume by 0-0908 c.c. for each granune of ice melted. 
The application of a single unit of heat to such a 
mixture will cause a diminution in volume of 0.0908/80 
= 1/881 C.C. ; in other words, 881 heat-units are required 
to cause a contraction of i c.c. 

Let a body of mass m, and specific heat j, be heated 
to f and dropped into the calorimeter ; in cooling down 
to 0° it will give out tnst units of heat. If the observed 
diminution in volume of the mixture of ice and water be 
denoted by v, then 8812/ heat-units must have been 
evolved. Equating these two quantities, we have, 

wj^=88iz', 
an equation to find s. 

[The value given above for the density of ice, — 0-91674, — is 
that obtained by Bunsen. Bunsen also made a special 
determination of the latent heat of fusion of ice, and found 
it to be 80-025 > other important determinations have given 
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79'24 (Regnault), and 79*25 (Person, De la Prqvostaye and 
Desains). The calculation is not quite correct, because 
we have assumed that a gramme of water at 0° has unit 
volume, whereas its volume is really somewhat greater, 
viz. I •000 1 2 C.C. In solving the examples which follow, 
the value of the constant (881) should not be assumed, but 
each problem should be worked out from the given data.] 

72. 0-484 gm. of a metal at 100° is dropped into a 
Bunsen's calorimeter, and the thread of mercury moves 
backwards through i-2i cm. in the capillary tube, the 
diameter of which is 0'6 mm.: assuming that 881 heat- 
units are required to cause a contraction of i cc, show 
that the specific heat of the metal is 0-06227. 

Note, — In solving Examples 73-77 the volume of a gramme 
of ice is to be taken as 1-09 cc, and the latent heat of 
water as 80. 

73. What change will be produced in the volume of 
a mixture of ice and water when 150 heat-units are 
imparted to it ? 

74. A mixture of ice and water was placed in a test- 
tube and occupied a volume of 30 cc. ; the test-tube 
was held in hot water until the volume had diminished 
to 29 cc. : how much heat had been absorbed in the 
meantime ? 

76. A lo-gramme weight made of brass (sp. heat = 
0-09) is heated to 100° and dropped into an ice-calori- 
meter : what contraction will it produce ? 

76. What change of volume would be produced in 
an ice-calorimeter by placing in it 2-5 gm. of a substance 
of specific heat 0-076 at a temperature of loo** ? 

77. Calculate the specific heat of a metal which gave 
the following results, according to Bunsen's method : — 
0.96 gm. was heated to 99°- 5, and dropped into the 
calorimeter ; the thread of mercury retreated through a 
distance of 8-3 mm. in the capillary tube, whose bore 
had a cross-section of i sq. mm. 

78. 10 grammes of water at W are placed in the 
inner tube of a Bunsen's calorimeter, and it is found that 
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the volume of the contents of the outer portion decreases 
by exactly i c.c. : taking the latent heat of water as 80, 
what value does this give for the specific gravity of 
ice? 

79. 0-87 gramme of a substance was heated to 98*''6, 
and then dropped into a Bunsen's ice-calorimeter ; the 
movement of the mercury column showed that the 
volume of the mixture of ice and water surrounding the 
body had diminished by 7*9 cub. mm: find the quantity 
of ice melted, and the specific heat of the substance 
from the data given. [Latent heat of fusion of ice = 80. 
Sp. gr. of ice = 0-91 7.] 

80. It is said that the vapour of any liquid exerts a 
definite pressure which depends upon (i) the nature of 
the liquid, and (2) the temperature: how would you 
proceed to show that this is the case ? 

The surface of a liquid is exposed to the atmosphere, 
and heat is gradually applied until the pressure of the 
vapour of the liquid becomes equal to the atmospheric 
pressure : explain fully what occurs. 

81. What do you understand by the expression 
<* maximum tension of water vapour" at a given tem- 
perature? How do you explain the existence of a 
maximum vapour -pressure at every temperature, and 
why does it increase with the temperature ? 

82. Describe briefly the methods which you would 
employ for measuring the maximum pressure of water- 
vapour (i) below 60°, (2) between 60° and 100°, and 
(3) above 100''. 

83. How would you find by experiment (i) the 
minimum pressure at which a very volatile liquid such 
as liquified sulphur dioxide can be kept exposed without 
boiling, and (2) the maximum pressure at which common 
ether will begin to boil, both substances being supposed 
to be kept at the atmospheric temperature ? 

84. Define the boiling point of a liquid, and dis- 

K 
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tinguish between ebullition and evaporation. What 
condition determines whether a liquid will boil or 
evaporate ? 

86. State the laws which govern the phenomenon of 
boiling, and mention any abnormal cases in which these 
laws are not followed. 

What precautions would you take ( i ) in order to make 
a liquid boil very regularly, (2) to make it boil at as low 
a temperature as possible ? 

86. Water at 15° is sprinkled upon the floor of a 
chamber which contains dry air at 15° and 76 cm. 
pressure: how will the pressure be affected (i) if the 
chamber is air-tight, (2) if there is free communication 
with the atmosphere ? Will the temperature be affected 
at all.'* (The vapour pressure of water at 15° is i«2 7 
cm.) 

87. The table below gives the maximum pressure of 
water-vapour in millimetres of mercury : — 

4° . . 6-1 8° . . 8-0 12**.. IO-4 

6° . . 7-0 10° . . 9-1 14° . . 1 1-9 

State briefly how these numbers have been obtained ; 
and find the actual pressure of the water-vapour present 
in a room at 14° when the dew-point is found to be 5**. 
What is the relative humidity of the air in the room ? 

88. Calculate the latent heat of steam from the results 
of the following experiment, allowing for the heat absorbed 
by the brass calorimeter : — 

gm. 
»» 



Weight of 


calorimeter . 


• • 


326-3 


>> 


„ + water 


• • 


757-7 


>» 


steam condensed . 


• • 


46-35 


Temperature of steam 


• • 


100° 


»» 


water before 


experiment 


7° -5 


)f 


,, after experiment . 


65^.2 



Taking the specific heat of brass as 0-09, the water-equivalent 
of the calorimeter is 326-3 x 0-09 = 29-4 (q. p.) 
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The steam in condensing gives out 46* 3 5^: units of heat, x 
denoting the required value of the latent heat of steam. 
Further, in cooling from 100° to 65°'2 it evolves 46*35 x 
34«8=i6i2'6 heat-units. These are together equal to the 
amount of heat required to raise the water and calorimeter 
from 7°.5 to 65°«2, i,e, to 

(431. 4 + 29.4X65. 2 -7.5) = 460.6x57. 7 = 26588-2. 

Thus 46. 35jr+ 1612.6 = 26588.2, 

and X = 24975.6/46.35 = 539. 1. 

80. The condenser of a steam-engine is supplied with 
injection water at a temperature /°, and the steam enters 
the condenser at 100°. How many pounds of injection 
water must be supplied for every pound of steam con- 
densed, in order that the water may leave the condenser 
at a temperature T** ? 

I lb. of steam in condensing to water at 100" sets free 536 
units (pound-degrees) of heat, and in cooling from 100° to 
T° it further gives out (100 -T) heat-units. These are 
tc^ether equal to ^(T - /), the amount of heat absorbed by 
the injection-water, x being the required weight of water, 
which is heated from f to T°. 

Thus ^(T - /) = 536 + (100 - T), 

and ;»r = (636-T)/(T-/). 

00. What is meant by saying that the latent heat of 
steam is 536? How many heat-units are required to 
convert 50 grammes of water at 12° into steam at 100° ? 

01. A vessel containing 30 gm. of ice is placed over 
a spirit-lamp : how much heat will be required to melt 
it and vaporise the water completely ? 

02. How many pounds of steam at 100° will just melt 
50 pounds of ice at 0° .? 

03. 10 gm. of steam at 100'' is condensed in a kilo- 
gi*amme of water at 0°, and the temperature of the water 
is thereby raised to 6°.3 : what value does this give for 
the latent heat of steam ? 

04. How many grammes of steam at loo** must be 
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passed into 200 gm. of ice-cold water in order to raise 
it to the boiling-point ? What will happen if more steam 
than this is passed in ? 

06. Compare the amount of heat required to convert 
a given mass of ice at - 3°' 2 into water at 38°, with that 
required to convert the same mass of water at 38° into 
steam at 100°. [The specific heat of ice is 0'5.] 

06. A kilogramme of cold ice is taken at - 1 0°, and 
heat is continually applied to it until a temperature of 
1 000° is attained : trace the successive effects produced, 
stating the amount of heat required for each of these 
effects. 

07. Calculate the latent heat of steam from the 
results of the following experiment, made with the same 
apparatus as that of Ex. 88 : — 

Weight of calorimeter . . . . 326»3 gm. 

„ „ + water . . 915.3 „ 

,, steam condensed . . . 28*38 ,, 

Temperature of steam . . . 100° 

„ water before experiment 2° '8 

,, ,, after experiment . 30° '8 

08. A calorimeter weighing 150 gm., and made of 
silver of specific heat 0*05 6, contains 350 gm. of water 
at 8'. If 10 gm. of steam at 100° is passed into the 
water, what will be the temperature after equilibrium has 
been attained, supposing no heat to be lost or gained ? 



EXAMINATION QUESTIONS. 

00. Define the notion of temperature. 

The temperature of a fluid is ascertained by means 
of the hand to be the same as that of a mixture of 3 
lbs. of water at 0° C. with 7 lbs. of water taken at 100° 
C. What is the temperature of the fluid ? 

Edinb. M.A. 1882. 

100. Compare the advantages of mercury and alcohol 
as thermometric substances. 
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It is sometimes stated that the low specific heat of 
mercury ('033) is one of its special qualifications. Show 
that if the coefficients of expansion of the two liquids 
were the same, and two similar thermometer tubes were 
filled, one with each liquid, that filled with alcohol would 
require a greater quantity of heat to raise it through the 
same range of temperature unless the specific heat of 
alcohol were less than .528. [Sp. gr. of mercury I3'6 ; 

of alcohol '85.] Camb. Schol. 1883. 

101. A copper vessel containing a thermometer is at 
12° C. 50 gnL of water at 60° are poured in, and the 
temperature after stirring is found to be $0° : find the 
thermal capacity or water-equivalent of the vessel and 
thermometer. vict. int. 1885. 

102. State clearly the distinction between temperature 
and heat. 

Twenty pound-degrees of heat are communicated to a 
metal vessel weighing 8 lbs., and containing 10 lbs. of 
water. If the specific heat of the metal be ■^, in what 
proportion will the heat be divided between the water 
and the vessel, and what will be their rise of tempera- 
ture ? Matric. 1884. 

103. A bath being required at a temperature of 37° C, 
twelve pailsful of cold water at 10° are thrown into it. 
Hot water from a cistern at 55° is now poured in until 
the temperature of the bath is 25° C If the water 
remaining in the cistern be now heated until it boils, 
show that the bath will be at the required temperature 
when four pailsful of the boiling water have been poured 
in, although its temperature falls 2° C. whilst the water 
in the cistern is being heated to the boiling point. 

Camb. B.A. 1883. 

104. 200 grammes of water at 99" C. are mixed with 
200 cub. cm. of milk of density i '03 at 15° C, contained 
in a copper vessel of thermal capacity equal to that of 8 
grammes of water, and the temperature of the mixture is 
57° C. If all the heat lost by the water is gained by 
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the milk and the copper, what is the specific heat of the 

milk ? Matric. 1885. 

105. What is the latent heat of fusion of a substance ? 
A pound of ice at 0° C. is thrown into 6 lbs. of water 

at 15** contained in a copper vessel weighing 3 lbs., and 
when the ice is melted the temperature of the water is 
2° C : find the latent heat of fusion of ice, the specific 
heat of copper being 0*095. Matric. 1886. 

106. Describe experiments illustrating the difference 
between temperature and heat. 

In 100 grammes of boiling water (/= 100) there are 
placed 20 grammes of ice, and the temperature falls to 
70" when the ice is just melted : what is the latent heat 
of fusion of ice, assuming no heat to be lost ? 

Matric. 1887. 

107. Five hundred cubic centimetres of mercury at 
56° C are put into a hollow in a block of ice, and it is 
found that 159 grammes of the ice are liquified: find 
the specific heat of mercury. Glasgow m.a. 1882. 

lOMB. Three separate mixtures are made, namely — 

(i) Water and snow, 

(2) Water and salt, 

(3) Snow and salt. 

If all the materials were, before being mixed, at o* C, 
which mixture will be at the highest temperature and 
which at the lowest ? and why ? Matric. 1885. 

109. Calculate the cooling effect of a cube of ice 
2 ft. in the side, taken at 0° C. and reaching 27** C. 
when its cooling power has been exhausted. (The co- 
efficient of the expansion of water on changing into ice 
is J^, and the number of pounds in i cubic foot of water 

is 62*4.) Edinb. M.A. 1882. 

110. How many units of heat would cause a mixture 
of ice and water to contract by 50 cubic millimetres, if 
100 cub. mm. of water at 0° C. become 109 cub. mm. 
on freezing ? Matric. 2883. 
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111. Describe Bunsen's calorimeter. If 100 c.c. of 
water in freezing become 109 c.c. of ice, and the intro- 
duction of 20 grammes of mercury, at 100'' C, into a 
Bunsen's calorimeter cause the end of the column of 
mercury to move through 74 mm. in a tube one square 
millimetre in section, find the specific heat of mercury. 
(The heat required to melt one gramme of ice is 80 

units.) Matric. 1884. 

112. A gramme of ice at 0° contracts 0.091 c.c. in 
becoming water at 0°. A piece of metal weighing 10 
grammes is heated to 50°, and then dropped into the 
calorimeter. The total contraction is .063 c.c. ; find the 
specific heat of the metal, taking the latent heat of ice 

as 80. Vict. B.Sc. 1886. 

113. Explain the formation of dew and hoarfrost. 

How do you account for the fact that a cloud is some- 
times formed by the mixture of two quantities of air at 
different temperatures, although neither quantity is quite 
saturated before the admixture ? Matric 1884. 

114. Explain the principles on which the hygrometric 
state of the atmosphere is deduced from observations of 
the wet and dry bulb hygrometer, and show how the 
" constant " of this instrument is experimentally found. 

Int. Sc. Honours 1885. 

116. Describe and discuss carefully the experiments 
you would make to determine the dew-point and the 
tension of aqueous vapour in the air. 

Air from a space saturated with moisture is drawn 
into an aspirator of known volume through drying tubes : 
show carefully how, by means of this experiment and 
tables of the saturating tension of aqueous vapour, to 
determine the temperature of the space. 

Camb. Schol. 1883. 

116. What is meant by the statement that the latent 
heat of steam is 537 ? 

One pound of saturated steam at 160** C. is blown 
into 19 lbs. of water at 0° C, and the resulting tempera- 
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ture is 32*765*' C. : find the latent heat of steam at 

1 60° C. Matric X883. 

117. The specific heat of mercury is •03. A pound 
of steam at 1 00° C. is made to pass into a vessel con- 
taining 300 lbs. of mercury initially at o" C, the capacity 
for heat of the vessel being equal to 10 lbs. of water : 
what will be the temperature of the vessel and contents 
at the end of the experiment ? Matric. 1884. 

118. Distinguish between calorimetry and thermo- 
metry. 

20 grammes of steam at 100" C. are condensed in a 
metal worm surrounded by 200 grammes of water at 
10° C. If the water equivalent of the worm be 10 
grammes, and the latent heat of steam be 536, deter- 
mine the temperature to which the water is raised. 

Matric. 1886. 

110. I lb. of ice at - 10° C. is placed in a closed 
vessel, and steam at 100° C. passed into it. It is found, 
after making the necessary corrections, that when the 
ice is just melted the resulting water weighs i'i34 lbs. ; 
and that when the temperature has risen to 100" C, it 
weighs 1*345 lbs. The specific heat of ice is '5 : find 
the latent heats of water and steam. Camb. b.a. 1878. 



CHAPTER V 
CONDUCTIVITY AND THERMODYNAMICS. 

Oonduotivity. — The thermal conductivity (or coeffi- 
cient of conductivity) of a substance is measured by the 
number of units of heat which pass in unit time across 
unit area of a plate whose thickness is unity, when its 
opposite faces are kept at temperatures differing by one 
degree. In the statement of this definition it is supposed 
that the flow of heat has become steady^ and that the lines 
of flow of heat are perpendicular to the surfaces of the plate. 

The thermal conductivity of a substance, in the C.G.S. 
system, is measured by the quantity of heat which flows 
per second, under these circumstances, across one square 
centimetre of a plate one centimetre in thickness, the 
opposite faces of the plate being kept at temperatures 
differing by i* C. 

The quantity of heat (H) which flows in a given time 
across a plate of given dimensions is inversely propor- 
tional to the thickness [d) of the plate, and is directly 
proportional to the area of its surface (j), to the difference 
of temperature {6) between its opposite faces, and to the 
time /. If the thermal conductivity of the substance be 
denoted by kj 

H=>&.^ .... (I) 

1. A large tank is covered with a layer of ice 6 cm. 
thick and 24 square metres in area : assuming that the 
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coefficient of conduction of ice in C.G.S. units is 0*0057, 
determine the amount of heat transmitted per hour from 
the water up through the ice, the upper surface of which 
is at the temperature of the air, viz. —10° C. 

In order that the answer may be given in gramme-degrees 
of heat, we must express all quantities in terms of the 
corresponding C.G.S. units. Thus j = 24 sq. metres = 
240,000 sq. cm., and / = 6o minutes = 3600 seconds. 

Substituting these values in equation (i), we have 

H = 0-0057 X 240,000 X 10 X 3600/6 
= 8,208,000 units. 

2. The top of a steam chamber is formed of a stone 
slab 6 decimetres long, 5 decimetres broad, and i deci- 
metre thick. Ice is piled upon the slab, and it is found 
that 5 kilogrammes of ice are melted in half an hour : 
what is the thermal conductivity of the stone ? 

Since the latent heat of fusion of ice is 80, the amount of heat 
required to melt 5 kilogrammes of ice is 

H = 5 X 1000 x.8o = 400,000 heat-units. 

This amount of heat is transmitted in 1800 seconds through 
a slab of 60 X 50 = 3000 sq. cm. area and 10 cm. thickness, 
its opposite faces being kept at o** and 100" degrees respec- 
tively. Thus 

400,000 = y& X 3000 X 100 X 1800/10, 

and ^ = 4/540 = 0-00741. 

3. The coefficient of conduction of copper is 0.96 : 
how many heat-units will pass per minute across a plate 
of copper I metre long, i metre broad, and i cm. thick, 
when its opposite faces are kept at temperatures differ- 
ing by 1 0° 1 

4. The wall of a cottage is 2 decimetres thick, and is 
built of stone whose thermal conductivity is o-oo8 ; the 
temperature inside the cottage is 18", while the outside 
temperature is 2°: how much heat is lost by trans- 
mission per hour across each square metre of the wall ? 
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5. It is found that 1*44 xio~ heat-units are trans- 
mitted per hour across an iron plate 2 cm. thick and 
500 sq. cm. in area, when its opposite sides are kept at 
o** and 100" respectively: what is its coefficient of 
conductivity ? 

6. An iron boiler is made of plate o*8 cm. thick, and 
its total surface is 8 square metres : the water inside is 
at a temperature of 1 20**, and the external surface of the 
boiler is at 95°. Assuming that the thermal conductivity 
of the iron is o- 1 64, find how much heat is lost by con- 
duction per hour. 

7. A metal plate, i sq. decimetre in area and 0-5 cm. 
thick, has the whole of one face covered with melting 
ice, while the other face is in contact with boiling water. 
The coefficient of conductivity of the metal is o* 1 4 : how 
many kilogrammes of ice will be melted in an hour ? 

8. " In a solid, heat may be transmitted from point 
to point in two ways, and in a fluid in three ways." Dis- 
cuss this statement, and comment upon the following 
facts : When a sheet of glass is held in front of a hot 
stove it appears to cut off the heat given out by the 
stove ; but when the sun shines upon the glass windows 
of a greenhouse the heat passes readily through without 
producing any considerable change in the temperature 
of the glass itself. Explain carefully how it is that the 
air inside the greenhouse may in this way become 
hotter than the outside air. 

0. An iron vessel containing a kilogramme of ice is 
partially immersed in a tank of water at 1 5*", so that the 
total area of the immersed surface is 400 sq. cm. The 
mean thickness of the wall of the vessel is 0*8 cm., and 
exactly one minute after immersion all the ice is found 
to have melted. Calculate from this the thermal con- 
ductivity of iron, and discuss the validity of any assump- 
tions made in your solution. 

10. Peclet states that the quantity of heat which 
passes in an hour through a plate of lead i square metre 
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in area and i metre thick, with a difference of i° between 
the temperatures of its surfaces, is 13-83 kilogramme- 
degrees: what value does this give for the C.G.S. co- 
efficient of conductivity for lead ? 

11. Point out the experimental difficulties which would 
be met if you attempted to carry out practically the idea 
contained in the definition of conductivity given on 
p. 137. Describe the principle and the general results 
of Forbes's experiments, indicating how the calculations 
were made ; and find the value of the multiplier for 
reducing to the C.G.S. system coefficients of conductivity 
expressed in kilogramme-degrees per square nietre, per 
millimetre, per second. 



Meohanioal Equivalent of Heat. — The amount 
of work which is equivalent to one heat-unit is called the 
mechanical equivalent of heat. Its value was determined 
by Joule (whence it is sometimes called " Joule's equiva- 
lent "), and is denoted by the letter J. 

Joule found that 772 foot-pounds of work were required 
to raise the temperature of a pound of water through 
one degree Fahrenheit ; the corresponding number in 
terms of the degree Centigrade is 772 x 9/5, or 1389-6. 
Since i foot = 30*48 cm., the mechanical equiva- 
lent is 1389.6x30-48 = 42355 gramme-centimetres per 
gramme -degree, or about 424 kilogramme -metres per 
kilogramme-degree of heat.^ To convert this into abso- 
lute measure we have to multiply by ^( = 981), which 
gives 42355 X 981, or 4.155 X lo*^ ergs per gramme- 
degree. 

More recent experiments have shown that the number 

1 Observe that the value of J is not affected by a change in the unit of 
mas* employed, for it is a ratio between an amount of work and a correspond- 
ing amount of heat, and the unit of mass is involved in the same degree {i.e. 
to the first power) in the units of work and heat. On this account the usual 
statement that the*" mechanical equivalent of heat is 1390 toot'^ounds" is 
somewhat misleading. 
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which we have given is somewhat too low. As the third 
significant figure of this important constant has not been 
determined with any accuracy, we shall adopt in our 
calculations the approximate value 

J = 4«2 X lO^ 

[It should be noticed that all the above numbers — 772, 424, etc. 
— with the exception of the last, give the value of J in gravi- 
tation measure^ and care should be taken to make the required 
conversion into absolute measure (or tnce versa) where it is 
necessary. In working problems relating to potential energy, 
or the energy of bodies falling from a height, it is convenient 
to use gravitation measure ; but it is preferable to work in 
absolute measure throughout.] 

The energy of a body of mass m moving with velocity 
V is mv^/2 in dynamical measure (pp. 35-38). The ther- 
mal equivalent of this is mv^/2]. Suppose the body to 
meet an obstacle and to fall dead. Also let s denote its 
specific heat, and let us assume that all the heat developed 
by its impact goes to raise its temperature through (say) 
$°. The amount of heat required to produce this rise 
of temperature is m J ^. Thus 

mvyij = ms0, 
and e = z/^/2js. 

Similarly, if the body be raised to a height k above 
the ground, its potential energy is rn^h ergs, and the 
thermal equivalent of this is m^A/J. If the body falls 
to the ground, and if we suppose that all the heat pro- 
duced by the arrest of its motion is spent in warming it, 
the rise of temperature produced will be 

0=g/ilJs. 

In both cases the elevation of temperature is independ- 
ent of the mass of the body. 

12. A leaden bullet of specific heat ,0*032 strikes 
against an iron target with a velocity of 400 metres per 
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second. If the bullet falls dead, and the heat produced 
is equally divided between it and the target, find its 
temperature, supposing it originally at io°. 

If the mass of the bullet be w, its kinetic energy is (40,000)* 
X fv/2, and the equivalent of this in heat-units is 

(40,000)2 X mjz X 4-2 X io^ = 8ow/4'2. 

Half of this goes to heat the bullet. Suppose the rise of 
temperature produced is ff", then 

40m/4'2 = m x 0*032^, 
and 6 = 40/4-2 x 0-032 = 298. 

Since the bullet was originally at lo**, its temperature after 
striking the target is 308". 

13. In obtaining work from an engine at the rate of 
20 H.P., 56 lbs. of coal are consumed per hour : find 
the efficiency of the engine, assuming that the heat pro- 
duced by the combustion of i lb. of coal is sufficient to 
convert 15 lbs. of water at 100° into steam at the same 
temperature. 

The efficiency of a steam engine is the ratio between the useful 
work performed and the work represented by the heat of 
combustion of the fuel. 

The work done per minute by the engine is 

20 X 33,000 = 660,000 ft. -lbs. 

The combustion of i lb. of coal produces 

15 X 536 = 8040 thermal units. 

Since 56 lbs. of coal are consumed per hour, the amount of ' 
heat evolved per minute is 

56 X 8040/60 = 7504, 

which is equivalent to 7504x1390=10,430,560 ft.>lbs. 
Thus the efficiency of the engine is 

£ = 66000/10430560 = 0-06328 
(or 6-328 per cent). 

14. How much heat is set free when a body of mass 
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100 grammes, moving at the rate of 25 metres per 
second, is suddenly brought to rest ? 

15. From what height must a raindrop fall to the 
ground in order that its temperature may be raised 
I*" C? [Take J = 1 390.] 

16. Find the equivalent in ergs of the amount of heat 
required to raise i lb. of water through i ** C. 

17. A block of ice is dropped into a well of water, 
both ice and water being at 0°. From what height must 
the ice fall in order that one-fiftieth of it may be melted ? 
[Take J = 424.] 

18. Mercury falls from a height of 10 metres upon a 
perfectly non-conducting surface. How much warmer 
will it be after the fall ? [Sp. heat = 0-033.] 

10. How many heat-units are required to raise the 
temperature of a kilogramme of iron [sp. heat = o»ii2] 
through 40° ? If the equivalent amount of kinetic 
energy were imparted to it, what would be its velocity ? 

20. The heat of combustion of hydrogen is 34,460 
calories, i,e, i gramme of hydrogen in burning gives out 
enough heat to raise the temperature of 34,460 grammes 
of water through i °. Express in Watts (§ 3) the power 
which would be obtained if the heat produced by the 
combustion of 50 grammes of hydrogen per hour were 
completely converted into work. 

21. Power equal to 100 Watts is entirely converted 
by friction into heat : how much water can be heated 
in this manner through 1° in an hour? 

22. In one of Rumford's experiments on the boring 
of brass cannon, the heat developed by a horse work- 
ing for 2\ hours was found to be sufficient to raise the 
temperature of 26' 5 lbs. of water from 0° to 100°. Cal- 
culate the number of foot-pounds of work done, and the 
rate at which the horse worked. 

23. A cannon-ball moving at the rate of 800 feet per 
second strikes against a target, and the heat produced 
is equally divided between the target and the ball : 
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supposing the latter to be made of iron of specific heat 
O'l 12, prove that its temperature will be raised by 32°. 

24. Lead melts at 335°, and its latent heat of fusion 
is 5*4. Taking its mean specific heat as o>o32, calculate 
the equivalent (in ergs) of the amount of heat required 
to raise the temperature of 10 grammes of lead from o"* 
to its melting point, and to melt it. 

25. With what velocity must a leaden bullet, at a 
temperature of 15°, strike a target in order that the heat 
produced may be just sufficient to melt it ? 

26. Calculate the efficiency of a steam engine from 
the following details : — 

Diameter of cylinder . . . 16 in. 

Length of stroke . . . . 2 ft. 6 in. 

Number of revolutions per minute . 100 

Mean pressure on piston . . .22 lbs. per sq. in. 

Consumption of coal . . . i cwt. per hour. 

[Assume the data given in Example 13, and see Chap. I. 

Example 128.] 

Work done in Expansion, — Let a cylinder containing 
air be closed by a weightless movable piston, and let a 
be the area of the piston, and p the pressure upon it per 
unit of area: the whole pressure upon the piston is 
P —pa. Now let the air expand and force the piston 
through a distance d against this constant pressure. 
The work done is the product of the force into the dis- 
tance through which it is overcome, or 

But ad\^ the volume of the space through which the 
piston has moved, />. the change of volume produced 
by expansion of tlie air. Denoting this by dvy we have 

W =p'dVi 

or the work done in expansion is equal to the pressure 
per unit area multiplied by the increment of volume. 
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If the work done is to be expressed in ergs, the 
pressure {p) must be measured in dynes per square 
centimetre, and the change of volume {dv) in cubic 
centimetres. When the expansion is caused by heat, 
and the original volume and initial and final temperatures 
are known, the change of volume can be calculated by 
applying Charles's law. If the barometric height {h) be 
given, the atmospheric pressure in terms of the above 
units (see p. 70) is 

or, taking the normal barometric height of 76 cm., 
11 = 76 X 13-596 X 981 = 1,013,226. 

To find the specific heat of air at constant volume when 
its specific heat at constant pressure and the mechanical 
equivalent of heat are known. 

Let /// denote the density of air (or its mass per unit volume), 
C its specific heat at constant pressure, and c its specific heat at 
constant volume. 

Suppose I C.C. of air taken at o" to be heated to 273° under 
the constant atmospheric pressure II. The amount of heat 
absorbed is 

H = 273wC. 

Part of this is spent in doing external work (p. 144), for 
during the process the volume of the air is doubled ; the change 
of volume {dv) is i cc, and the work done during the expan- 
sion is II ergs. The thermal equivalent of this is 

-4=n/j. 

• 

■ Now if the temperature of the air had been raised to 273" 
without allowing it to do any external work {i,e, if it had been 
heated at constant volume), the amount of heat absorbed would 
have been 

H' = 273wr, 
and it is'clear that 

H = H' + >5, 

or H' = II - /i. 

L 
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Thus 273 mc = 273 m C - ll/J, 

and the specific heat of air at constant volume is 

^ = C-n/273»iJ. 

Now we have seen that 11=1,013,226 (p. 145), and J = 
4-2 X lo' (pp. 140, 141). Also C = 0'237, and /// = o*ooi293, 
so that the numerical value of c is 

0*237 - 1013226/273 X 0*001293 X4.2 X 10^ = 0*237 -0'068 

= o«i69. 

The ratio between the two specific heats is 

7 = o*237/o«i69= 1-4. 

27. In one of Joule's earlier experiments air was com- 
pressed into a copper receiver standing in a calorimeter, 
the water equivalent of the calorimeter and its contents 
being 10,682 gm. ; the air was then allowed to escape 
slowly, and was found to measure 44-6 litres, the atmos- 
pheric pressure being 76' 5 cm. The cooling effect in 
the calorimeter was o°'097 : what value does this give 
for the mechanical equivalent ? 

The work done (in ergs) is 

W = n '€hf = hpg'dv 

= 76-5 X 13*596x981 X 44600 = 4-55 X lo^**. 

The corresponding amount of heat absorbed is 

H = 10682 X 0'097 = I -036 X io3 heat-units. 

This gives for the mechanical equivalent of heat 

J = W/H = 4.55x 1071-036 = 4.39 X io7. 

28. A receiver provided with a stop-cock contains air 
at a pressure ^, which is greater than the atmospheric 
pressure 11 ; the temperature of the air is the same as 
that of the atmosphere, viz. /. The stop-cock is opened, 
and is shut again as soon as the air inside is at the 
atmospheric pressure : when the air has again attained 
the temperature / will its pressure be greater or less than 
n ? Assuming this pressure to be p\ determine the 
temperature at the moment when the stop-cock is closed, 
and find how much air escapes. 
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The air escapes from the receiver until its pressure is reduced 
to that of the atmosphere (fl) ; in expanding it does work 
against the external pressure of the atmosphere, and con- 
sequently it is cooled to some temperature f lower than /. 
At this temperature its pressure is IX, but when it is again 
at /, its pressure will have increased to/'; and if a denote 
the coefficient of increase of pressure of air, 

n :/ = 1 + a/ : I + o/, 

and I + a/ = II( I + a/)//, 

or, if T' and T are the absolute temperatures corresponding 
to if and /, 

r=nT//. 

When the pressure in the receiver is /' it contains p'lp of the 
amount of air contained when the pressure was / ; hence 
{P -p')lp of the original amount of air escapes. 

20. A cubic metre of air is heated under the normal 
pressure until its volume is doubled : how much of the 
heat supplied to it is converted into external work? 

30. In the transmission of energy by means of com- 
pressed air, the air is compressed by means of a condens- 
ing pump until its pressure is 8 atmospheres. Find the 
percentage loss of energy which should theoretically 
occur owing to the cooling of the air to its initial tem- 
perature. Would you expect the actual loss in the 
whole process of transmission to be greater or less, and 
why? 

31. Explain what is meant by an indicator diagram, 
and draw (to any scale) the isothermals for a perfect gas 
at 0°, lo**, and 20°. Show in your figure the lines that 
would be traced if the gas were heated {a) at constant 
pressure from 10° to 20°, {b) at constant volume through 
the same range of temperature. How would you repre- 
sent on the diagram the mechanical equivalents of the 
quantities of heat required for the two operations ? 

32. Define the critical temperature of a fluid. Give 
rough sketches showing the probable forms of the iso- 
thermals for a body both above and below its critical 
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point ; and specify the most important distinction be- 
tween the two classes of isothermals. 

33. A gramme of air is heated from o° to 1 00** under 
a pressure of 76 cm. : how much external work is done 
in the expansion ? 

34. A cubic foot of air is heated from o** to 273**, 
the barometric height at the time being 30 inches 
(p. 70) : how many foot-pounds of work are done during 
the expansion ? and what is the heat equivalent of this 
work ? 

36. Explain precisely what is meant by the efficiency 
of an engine. What do you understand by a reversible 
engine, and what are the conditions of reversibility in a 
heat engine ? 

Would you expect to get more work from i lb. of 
water in cooling from 100° to 0°, or from 100 lbs. of 
water in cooling from i " to o**, and why ? 

36. The density of air at 0° and 76 cm. is 0'00i293; 
its specific heat at constant pressure is 0*237, and its 
specific heat at constant volume is 0*169. Calculate 
from these data the value of the mechanical equivalent 
of heat. 

37. Write a short essay on temperature, starting from 
the elementary ideas of " hot " and " cold," and criticis- 
ing the methods commonly adopted for the measurement 
of temperature. Explain what is generally meant by 
absolute temperature^ and indicate the process by which 
it has been rendered possible (in a stricter sense) to 
measure temperatures absolutely. 

EXAMINATION QUESTIONS. 

38. Define the absolute conductivity of a substance. 
A metal plate \ inch in thickness and 2 feet square has 
the whole of one face in contact with water which is kept 
boiling, while the other face is in contact with melting 
ice : and it is found that 300 lbs. of ice are melted in 
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one hour. Find the absolute conductivity of the metal, 
stating clearly the units you employ. Matric 1879. 

30. What is meant by the statement that the thermal 
conductivity of iron is '2 C.G.S. unit? Given an iron 
bar 3 metres long and 2-5 cm. square in section, describe 
fully the experiments necessary to determine its thermal 
conductivity. How would you show that cold iron con- 
ducts better than hot iron ? int. Sc. Honours 1887. 

40. The amount of work which can be derived from 
the consumption of a kilogramme of coke is 309 x 10^2 
ergs. Of the work thus derived one-twentieth is usefully 
employed in drawing trucks up a slope of 30° : find the 
amount of coke required to draw a weight of 9400 
megadynes a distance of 1 500 metres along the slope 
[i megadyne =10^ dynes]. ind. c. S. 1885. 

The force acting along the slope is 9400 x cos 60° = 4700 
megad3nies. The work done in overcoming this resistance 
through 1 500 metres is 

4700 X 10^ X 150,000 = 705 X 10*2 ergs. 

Now the useful work done per kilc^ramme of coke con- 
sumed is 

of 309 X 10^2 _ 15.45 X 10^2 ergs, 

hence the amount of coke required is 

705/15*45 = 45-63 kilogrammes. 

41. What is the mechanical equivalent of heat ? An 
engine consumes 40 lbs. of coal of such calorific power 
that the heat developed by the combustion of i lb. is 
capable of converting 16 lbs. of water at 100° C. into 
steam at the same temperature, and during the process 
the engine performs 16,000,000 foot-pounds of work: 
what percentage of the heat produced is wasted ? 

Int. Sc x88i. 

42. What is a heat engine, and what is a reversible 
heat engine ? What condition must be fulfilled respect- 
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ing the passage of heat to and from the working sub- 
stance in order that a heat engine may be reversible ? 

What is the efficiency of an engine which consumes 
28 lbs. of coal in drawing a train one mile against a 
resistance equal to the weight of i^ ton, the calorific 
power of the coal being such that one pound is capable 
of converting 16 lbs. of boiling water into steam at the 
same temperature ? int. Sc. 1882. 

43. When temperatures are expressed on the Centi- 
grade scale, the latent heat of fusion of ice is represented 
by 80, and the mechanical equivalent of heat by 423-9 
(metre grammes). Express the same quantities on the 
Fahrenheit scale, and explain why one is represented by 
a larger and the other by a smaller number. 

Int. Sc. 1885. 

44. A windmill works at 4 horse-power for 24 hours, 
and 90 per cent of the work done is stored up as energy. 
Of this enei-gy 90 per cent is employed in heating water 
from 12° C. to the boiling point. How many pounds 
of water will be so heated ? b. Sc. x88i. 

45. State the gaseous laws, describing carefully the 
experiments you would adopt to verify them. 

The specific heat of air at a pressure of 10® dynes 
being '24, its specific gravity '0012, and its coefficient 
of expansion -0036, find the external work done by the 
application of one unit of heat to a c.c. of air in a 
cylinder with a movable weightless piston. 

Camb. Schol. 1883. 

46. Gases are generally said to possess two specific 
heats. Is there any reason for this distinction, and, if 
so, what is it? A quantity of air is heated, and by 
diminishing the pressure upon it, it is allowed to expand 
by one per cent of its volume at 0° C. for every increase 
of temperature of 1° C. Show how its specific heat 
under these conditions may be determined, and state 
whether it is greater or less than its specific heat at 

constant pressure. int. Sc. Honours 1883. 
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47. How can the amount of work done against ex- 
ternal pressure during change of volume be expressed 
numerically ? 

One gramme of air is heated under constant pressure 
from 0° to 10° C. Determine the work, either in ergs 
or in centimetre-grammes, due to the expansion. 

[Coefficient of expansion of air, ^^. Volume of i 
gramme of air at 0°, under pressure of i million dynes 
per square centimetre = 7 83»8 cubic centimetres. Or, i 
cubic centimetre air at 0° under pressure of 76 cm. 
mercury = 0-001293 gramme; i cubic centimetre mer- 
cury at 0°= 13.596 grammes.; g = 98i (centim., sec- 
onds)]. Int. Sc. 1884. 

48. Calculate the mechanical equivalent of heat from 
the following data for oxygen : — 

Coefficient of expansion, 1/273. 

Mass of a litre at 0° and 760 mm., i -43 gm. 

Specific heat for constant pressure referred to an equal mass 

of water, '22. 
Ratio of the specific heat at constant pressure to the specific 

heat at constant volume, 1*4/1. 
Specific gravity of mercury, 13 '6. 

Balliol Cdl. 1882. 



CHAPTER VI 

LIGHT 

1. If the light of the full moon is found to produce the 
same degree of illumination as a standard candle does 
at a distance of 4 ft., what is the equivalent in candle- 
power of the moon's light ? (Take the distance of the 
moon as 240,000 miles.) 

Let £ denote the equivalent in candle-power. The degree 
of illumination is inversely proportional to the square of 
the distance, and since the illuminating power of the candle 
is taken as unity, 

E/(240,ooo X 1760 X 3)*= 1/4*, 

. • . E = (240,000 X 1 760 X 3/4)*, 

= 10,036,224 X 10^®. 

2. A standard candle and a gas-flame are placed 6 ft. 
apart, the gas-flame being of 4 candle-power : where 



I. 
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must a screen be placed, on the line joining the candle 
and gas-flame, so that it may be equally illuminated by 
each of them ? 

Let X denote the distance of the screen from the candle ; its 
distance from the gas- flame will th^ be 6 - jr. If the 
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screen is to receive equal illumination from each of the 
sources of light we must have 

1/^2 = 4/(6-^)2, 

i.e. 6 -x= ±2 j:. 
and .*. ^= +2 or - 6. 

Corresponding to these two values of x there are two positions 
(Pj and Pj) of the screen which satisfy the conditions 
of the problem. The first, Pj, is 2 ft. to the right of the 
candle, i.e, between the |CandIe and the gas-flame ; the 
second, Pg, is 6 ft. to the left of the candle. 

Both solutions can easily be verified. 

3. In determining the illuminating power of a gas- 
flame by Bunsen's photometer, the distance from the gas- 
flame to the grease spot was 84 cm., and from this to 
the standard candle 40 cm. : what was the candle-power 
of the gas-Hame ? 

4. A candle is placed at a distance of i ft. from one 
side of a card-board screen, and a lamp of 9 candle- 
power is placed at a distance of 1 2 ft. on the other side. 
Compare the illumination on the two sides of the screen. 

5. A Carcel lamp of 9 candle-power is placed at a 
distance of 4 yards from a standard candle : determine, 
as in Example 2, the two positions in which a screen 
may be placed so as to receive equal amounts of light 
from the lamp and the candle. 

6. What do you understand by the terms "real image," 
** virtual image " } Draw a figure showing how an image 
is formed in a plane mirror, and prove that the object 
and its image are equally distant from the mirror. 

7. A candle is placed in any position between two 
plane mirrors at right angles ; show that its two secondary 
images (produced by reflection from both mirrors) will 
exactly coincide. 

8. A luminous object is placed between two plane 
mirrors inclined at 60"": find the number of images, and 
show that they all lie on a circle. 

9. An object is placed between two mirrors inclined 
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at 45° : show by a figure how an observer could see an 
image after four successive reflections. 

10. A candle is placed between two parallel mirrors ; 
draw a sketch showing the path of a ray of light which 
proceeds from the candle, and, after undergoing two 
reflections at one mirror, and three at the other, enters 
the eye of an observer looking toward the mirrors. 

11. Two plane mirrors, A and B, are placed vertically 
upon a horizontal table. A ray of light PB falls upon 
the mirror B, and is reflected to the mirror A ; show 
that the ray AQ reflected from the latter makes with 
PB an angle which is double of the angle between the 
mirrors, 

12. If the mirrors of a kaleidoscope are placed at an 
angle of 45°, how many images will there be of an 
object (i) placed close to one of the mirrors, (2) placed 
midway between the mirrors ? 

13. AB and AC are two plane mirrors inclined at an 
angle of 15°, and P is a point in AB. At what angle 
must a ray of light from P be incident upon AC, in order 
that after three reflections it may be parallel to AB ? 

14. An object is placed in front of a convex spherical 
mirror : find by a geometrical construction the position 
and nature of the image ; and show that the sizes of 
image and object are as their distances from the centre 
of the mirror. 

15. Assuming that in the case of a spherical mirror the 
sizes of image and object are proportional to their dist- 
ances from the centre of the mirror, show that they are 
also proportional to their distances from the mirror itself. 

16. An object is placed at a distance p from a con- 
cave mirror of focal length/: prove that the image is 
formed at a distance p\ which is given by the equation. 

Rules for Optical Calculations, — In order to avoid con- 
fusion as to plus and minus signs, or positive and nega- 
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tive focal distances, beginners will find it well to follow 
strictly some such rules as the following, and to employ 
the equations for conjugate positions always in the same 
form. 

I. All distances are to be reckoned from the mirror 
or lens : if measured towards the right hand they are to 
be considered positive ; if towards the left hand^negative. 
It is convenient to suppose that the luminous object, or 
source of light, is always placed on the right hand of the 
mirror or lens : its distance will thus always be positive. 

II. The formula 

III ■ . 

7=7+7 (•) 

holds good for all mirrors, both concave and convex,/ 
denoting the focal length, p the distance of the object, 
and p' the distance of the image, reckoned from the 
mirror itself. 

For all lenses, convex and concave, the equation for 
conjugate points is 

I _ I I . . 

f-j—p •_ • • • <*' 

the letters denoting the same quantities as before, and 
being always supposed to carry their own signs, 

III. The focal length of a concave mirror is positive ; 
of a convex mirror negative. The focal length of a convex 
(convergent) lens is negative ; of a concave (divergent) 
lens positive, i>., 

c r concave mirrors ^ /.. .^. ... 
for -I , h y IS positive ( + ), 

\^ concave lenses } 

e ( convex mirrors \ j-. *• / v 

for ■( , J- /is negative ( - ). 

(, convex lenses / -^ ** ^ ' 

When any two of the three quantities/ /, and/' are 
given, the third can be found by means of equation 
(i) or (2). If/ and/ are given, the numerical value of 
p' indicates the distance from the mirror or lens at 
which the image is formed : if p' is positive, the image 
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is on the same side as the object (towards the right 
hand); but if it carries the minus sign, the image is 
formed on the opposite side, i>. on the left hand of the 
mirror or lens. When the distances of object and image 
{p and p') are given, the nature of the mirror or lens is 
indicated by the sign of /: thus the mirror or lens is 
concave if/ is positive, and is convex if/ is negative. 

17. An object is placed at a distance of lo cm. in 
front of a convex mirror of 30 cm, focal length ; where 
will the image be formed .? 

Here /=io, and /= -30. Substituting these values in 
equation (i) we have 

- 1/30=1/10+1//, 

or i//= - 1/30 - 1/10= - 4/30, 

and.*. /'= -7'5; i.e. the image is formed 7*5 cm. be- 
hind the mirror. 

18. A real image produced by a concave mirror is 
found to be three times the size ^ of the object : if the 
mirror is one foot from the object, what is its focal 
length 1 

Since the image is three times the size of the object, its dis- 
tance from the mirror must be three times that of the ob- 
ject ; i.<T. / = 3/ = 3 ft. 

Thus i//= I + 1/3 = 4/3, and/= | ft. = 9 inches. 

[It should be noticed that when the sizes of the image (I) and 
object (O) are given, the relation 

I:0=/:/ 

only gives the numerical value of /'; so that in this ex- 
ample if the image had been virtual we should have had 

/=-3.] 

19. A luminous point is 24 cm. in front of a concave 
mirror of 6 cm. focal length : where is the image 

^ When not otherwise stated, it may be assumed that the 
word ** size " refers to //;/^ar dimensions. 
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formed ? If the point moves through a small distance d 
away from the mirror, through what distance will the 
image move ? 

(i.) The value of/' is given by the equation 

1/6 = 1/24 + i//, 

from which we have /' = 8. The image is therefore formed 
8 cm. in front of the mirror. 
(2.) The new value of/ is 24 + ^/, and the corresponding 
value of/' is given by 

1/6 =1/(24 + ./)+!//, 
.-./' = 6(24 +.0/(1 8 + t/). 

This is less than 8, and the distance through which the image 
moves is 

8 - 6(24 + r/)/(i8 +</) = 2r//(l8 + </)• 

20. You are required to throw upon a wall an image 
of a gas-flame which stands 8 ft. from the wall, and the 
image is to be three times the size of the flame : what sort 
of mirror would you choose, and where would you hold it? 

Suppose the mirror to be placed x. feet from the object on 
the side farther from the wall ; it will then be (8 + jr) ft. 
from the wall, and, since the image is to l:>e three times the 
size of the object, we must have/' = 3/, or 

8+jr=3 X jc, and .*. ^ = 4. 
Thus / = 4,/' = 8 + 4=i2, 

and \lf- 1/4 + 1/12 = 1/3. 

The mirror required is a concave mirror of 3 ft. focal length, 
and it must be held 4 ft. from the object. 

21. A candle-flame i in. long is 18 in. in front of a 
concave mirror whose focal length is 15 in.; find the 
position and size of the image. 

22. Prove that when an object is placed midway 
between a concave mirror and its principal focus, the 
image is twice as large as the object. What is the nature 
of the image ? 
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23. A luminous point is 60 cm. in front of a mirror, 
and its image is found to be 20 cm. from the mirror, and 
on the same side : find the nature and focal length of 
the mirror. 

24. A gas-jet is placed on the principal axis of a 
spherical mirror and i ft. in front of it A real and in* 
verted image is produced on a screen held in front of 
the mirror, but at a greater distance than the candle. 
If the image is twice as long as the flame, what is the 
focal length of the mirror ? 

25. An object is placed 5 in. from a concave mirror 
of 6 in. focal length : where is the image produced, and 
what is the magnification ? 

26. It is desired to throw upon a wall an image of 
an object magnified twelve times, the object being 1 1 ft. 
from the wall : find the focal length of a concave mirror 
that may be used for the purpose, and state where it 
must be placed. 

27. An object i inch in length is held 6 in. in front 
of a convex mirror whose radius of curvature is 2 ft. : 
find the nature, position, and magnitude of the image. 

Where will the image be produced when the object is 
held 2 ft. in front of the same mirror, and what will be 
its size ? 

28. An image produced by a concave mirror is found 
to be twice the size of the object : if the focal length of 
the mirror is i ft., where are the object and image situ- 
ated ? What would be the relation between the sizes if 
their positions were reversed ? 

29. Prove that when an object is at a distance 2^3 
from a concave mirror of focal length f^ the image 
produced is erect and virtual, and magnified three 
times. 

30. An object is placed at a distance 3/^2 in front of 
a concave mirror of focal length/: what is the size of 
the image ? Is there any other position of the object 
which will produce the same degree of magnification ? 
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31. At what distance from a concave mirror (of focal 
length/) must an object be situated in order that the 
image may be half the size of the object ? 

32. An object is held in front of a convex mirror at 
a distance equal to its focal length : what is the size of 
the image ? 

33. An image produced by a convex mirror is i//7th 
the size of the object r prove that the latter must be at a 
distance (n - i)/from the mirror. 

34. Enunciate the laws of refraction of light, and ex- 
plain what is meant by the index of refraction of a 
substance. 

35. A ray of light is incident upon the surface of still 
water, and the index of refraction for air and water is ^. 
Show how the path of the ray in water can be found 
when its path in air is known : and discuss any special 
cases which may occur when the direction of the ray is 
reversed, t,e, when it travels upwards towards the sur- 
face of the water. 

36. Describe an experiment to show total internal 
reflection, and point out the conditions under which it 
occurs. What is the critical angle for two media ? 

37. Given the indices of refraction from a medium A 
to another B, and from B to a third C : show how to 
determine the index of refraction from A to C. 

38. The refractive index for air and water is 4/3, and 
for air and glass 3/2 : find the index from glass to water 
and from water to air. 

30. A ray of light passes from one medium into a 
second, the angle of incidence being 60'' and the angle 
of refraction 30*": show that the index of refraction is 

V 3- 

40. Find the index of refi-action when the angles of 
incidence and refraction are 45° and 30° respectively. 

41. The critical angle for a certain medium is 45'': 
what is its refractive index ? 
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42. A microscope is placed vertically above a short 
glass tube cemented to a flat piece of glass (so as to form 
a tube open at the top), and is focussed upon a mark on 
the glass slip. A layer of liquid of depth h is poured 
into the tube, and it is now found that the image of the 
mark is displaced "through a distance d which is deter- 
mined by refocussing the microscope. Prove that the 
refractive index of the liquid is /a = hj^h — d), 

43. In an experiment made by the above method 
water was poured into a depth of 4-6 cm., and the 
resulting displacement of the image was 1*15 cm. Cal- 
culate the refractive index of water. 

44. Calculate the refractive index of a glass prism for 
sodium light from the following observations : — 

Refracting angle of prism . . . 45° 4'. 
Minimum deviation .... 26° 40' 

It can be shown that when a ray of light passes through a 
prism of angle A placed in the position of minimum devia- 
tion, the index of refraction of the prism is given by 

. A + D/. A M 

/i = sm 



+ D/. A 

/sin — » 

2 / 2 



where D is the angle of deviation. 
Here A = 45** 4' 

D=26''4o' ^ 

A + D = 7i'44' 

and (A + D)/2 = 35°52'. 

From the table of natural sines we find that 

sin 35° = 0-574, and sin 36° = 0-588, 

Assuming that the rate of change of the sine is proportional 
to that of the angle within these limits, we have 

sin 35" 52' = 0'586 approximately. 

In the same way we obtain 0*384 as the approximate value 
of sin 22** 32'. Thus 

;i = o-586/0' 384= 1*526. 
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46. Find the refractive index of the same prism for 
lithium light, the minimum deviation produced being 
26' 30'. 

46. The minimum deviation produced by a hollow 
prism filled with a certain liquid is 30°; if the refracting 
angle of the prism is 60**, what is the index of refraction 
of the liquid ? 

47. A prism is to be made of crown glass, the refrac- 
tive index of which is known to be 1*526, and it is 
required to produce a minimum deviation of 1 7" 20': to 
what angle must it be ground ? 

48. A ray of light is incident almost perpendicularly 
upon a prism of angle a and refractive index /i : show 
that if a is small the deviation is given by 

d={fi- i)a. • 

49. The refractive index of rock-salt is 1*54: what 
deviation would be produced by a rock-salt prism of 
1° 30' angle? and what should be the angle of a rock- 
salt prism which is required to produce a deviation of 
48'? 

60. Taking the usual values for the refractive indices 
of water and glass, prove that the deviations produced 
by thin prisms of water and glass are one-third and 
one-half of the angles of the prisms respectively. 

NbU, — The refractive index for water and air is 4/3 (i*j), and 
' for glass and air 3/2 (or 1*5). 

61. Find the angle of a water prism which will pro- 
duce the same deviation as that given by a glass prism 
of 2** angle. 

62. In order to determine the refractive index of a 
double convex lens, its focal length and the radii of curva- 
ture of its faces were measured, and were found to be 

/=30'6 cm., rj = 30-4 cm., r2=34-5'cm. 
What was the index of refraction of the glass ? 

M 
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It can be proved ^ that the focal length of a lens, in terms of 
its refractive index and the radii of curvature of its sur&ces, 
is given by the formula ilf=(ji- i){i jr^ - i/rj). 

In applying this we must remember that the radius of curva- 
ture of the first surface is negative, or r^= -30*4; and 
since the lens is convex, its focal length is also n^^ative. 

Thus - 1/30.6 = (a* - i) ( - 1/30.4 - 1/34-5). 

or A* - I = 30.4 X 34*S/3o-6 x 64.9 = 0*528, 

and .*./»= 1*528. 

58. Taking the usual values for the refractive indices 
of water and glass, prove that the focal length of a glass 
lens when immersed in water is four times its focal 
length in air. 

64. Prove that the focal length of a plano-concave 
glass lens is equal to twice the radius of the concave 
surface. 

&&, A double convex lens is to be made of glass of 
refractive index 1*5, and the radius of curvature of one 
of its faces is 20 cm. If the lens is to have a focal 
length of 30 cm., what must be the radius of curvature 
of the other face ? 

66. The radii of curvature of the two faces of an equi- 
convex lens are each equal to 46*5 cm., and it is made 
of glass of refractive index 1*532: show that its focal 
length is 43*7 cm. 

67. Explain what is meant by the optical centre of a 
lens, and prove that the optical centre of a plano-convex 
or plano-concave lens lies on the curved surface. 

68. A candle stands at a distance of 3 ft from a 
wall : in what position must a convex lens of 8 in. focal 
length be placed between them so as to produce upon 
the wall a distinct image of the candle ? 

Let p denote the distance (in inches) of the candle from the 
lens ; then 36 >/ will be the distance of the screen from 

1 Aldis, GeometHcai Optics^ Art. 67. 
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the lens irrespective of sign, JRemembering that ^ is 
negative, we have /' =/ - 36, and now substituting in 
equation 2 (p. 155) we have 

- 1/8 =!/(/- 36) -i/A 
.*. /2 - 36/ = 8/ - 8/ - 288, 

or /2_26/ + 288 = o. 

This may be written in the form 

(/-24)(/-i2) = o, 

and .*. / = 24 or 12. 

A distinct image will therefore be produced when the candle 
is placed either i ft. or 2 ft. from the lens. 

59. If an object at a distance of 3 in. from a convex 
lens has its image magnified three times, what is the 
focal length of the lens ? 

There are two solutions to this problem, for the image may 
be either real or virtual. In the first case it is formed on 
the other side of the lens ; in the second case on the same 
side as the object. 

In both cases, since the image is three times as large as the 
object, its distance from the lens must be three times that 
of the object ; but this only gives us the numerical value 
of/' in terms of/?. 

(i) Image real — 

/' is negative and = - 3/ or ~ 9 in. 

Thus !//•= i// - i/A 

= -1/9- 1/3= -4/9, 
and the focal length of the lens is - 2^ inches. 

(2) Image virtual — 

p is positive and = 3/ = + 9 in. 

i/^= 1/9 - 1/3 = - 2/9» 
so that the focal length in this case is - 4j^ inches. 

60. Explain the difference between real and virtual 
images, and give examples of each. If you had a con- 
vergent lens of I ft. focal length, where would you place 
an object so as to produce by means of the lens (i) a 
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real and diminished image, (2) an erect and virtual 
image ? Give sketches showing how the image is pro- 
duced in each case. 

61. Rays of light diverging from a point 6 in. before 
a lens are brought to a focus 1 8 in. behind it : what is 
the focal length of the lens ? 

62. An object is placed at a distance of 60 cm. from 
a convex lens of 1 5 cm. focal length : where is the image 
formed ? Compare its size with that of the object 

68. An object whose length is 5 cm. is placed at a 
distance of 1 2 cm. from a convex lens of 8 cm. focal 
length : what is the length of the image ? 

64. A candle is placed at a distance of 10 ft. from a 
wall, and it is found that when a convex lens is held 
midway between the candle and the wall a distinct 
image is produced upon the latter. Find the focal 
length of the lens and the relative sizes of the object and 
image. 

66. A coin half an inch in diameter is held on the 
axis of a convergent lens, and i ft. in front of it : if 
the focal length of the lens is 8 in., find the position and 
magnitude of the image. 

QO, Draw figures, approximately to scale, showing 
the paths of the rays of light, and the positions of the 
images formed when a luminous object is placed at a 
distance of (i) i inch, (2) 6 inches from a convergent 
lens of 2 in. focal length. 

67. An object is placed 8 in. from a convex lens, and 
its image is formed 24 in. from the lens on the other 
side. If the object were placed 4 in. from the lens, 
where would the image be ? 

68. The distance of an object from a convergent lens 
is double the focal length of the lens : prove that the 
image and object are of the same size. 

69. A candle stands at a distance of 2 metres from a 
wall, and it is found that when a lens is held half a metre 
from the candle a distinct image is produced upon the 
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wall : find the focal length of the lens, and also state the 
relative sizes of image and object. 

70. A lens of 9 in. focal length is to be used for the 
purpose of producing an inverted image of an object 
magnified three times : where must each be situated ? 

71. A convex lens is held 5 ft. in front of a wall, and 
it is found that there is one position in which an object 
can be held in front of the lens such that an inverted 
image six times as large as it is thrown upon the wall. 
Determine this position, and also find the focal length of 
the lens. 

72. At what distance from a convex lens must an 
object be placed so that the image may be half the size 
of the object ? 

73. You are provided with a convex lens of 18 in. 
focal length, and are required to place an object in such 
a position that its image will be magnified diree times : 
find the positions which will give (i) a real, and (2) a 
virtual image of the required size. 

74. In order to find the focal length of a concave 
lens, it was blackened, with the exception of a circle 4 
cm. in diameter at its centre. A beam of sunlight was 
allowed to pass through this, when it was found that an 
illuminated circle of 20 cm. diameter was formed on a 
screen held 64 cm. behind the lens and parallel to it. 
What was the focal length of the lens ? 

75. A convex lens prodi^ces a real image n times as 
large as the object : prove that the latter must be at a 
distance {n+ i)/y« from the lens. 

76. A glass scale, 4 cm. long, was held in front of a 
convergent lens, and on holding a screen 90 cm. behind 
the lens, an image of the scale, 20 cm. in length, was 
produced upon the screen : prove that the lens had a 
focal length of 1 5 cm. 

77. Show how to find the focal length (F) of a com- 
bination obtained by placing two thin lenses of focal 
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length s/j and>^ in contact. Prove that for any number 
of such lenses placed in contact i/F = 2(i//). 

78. What is the focal length of a lens which is 
equivalent to two thin convergent lenses of focal lengths 
1 5 cm. and 30 cm. placed in contact ? 

79. A concave lens of 8 cm. focal length is combined 
with a convex lens of 6 cm. focal length : what is the 
focal length of the combination ? 

80. A convex lens of focal length 16 cm. was placed 
in contact with a concave lens, and the focal length of 
the combination was found to be 48 cm. Calculate the 
focal length of the concave lens. 

81. A candle is held i foot in front of a convex 
lens, and a distinct image of the flame is formed on a 
screen placed 4 inches behind it. A concave lens is 
now placed in contact with it, and it is found that the 
screen has to be moved 8 inches farther off in order to 
receive the image. What is the focal length of the con- 
cave lens ? 

82. Explain the action of a condensing lens when 
used as a magnifying glass. Give a sketch showing how 
the image is produced, and prove that the magnifying 
power is approximately equal to A//5 where A is the 
distance of most distinct vision. 

83. Describe the action of the eye, considered as an 
optical instrument, and explain the causes of abnormal 
vision. Will the magnifying effect of a given reading- 
lens be greater when used by a long-sighted or a short- 
sighted person ? 

84. A person whose distance of most distinct vision 
is 20 cm. uses a lens of 5 cm. focal length as a reading- 
glass : at what distance from a book must he hold it ? 
Also what will be its magnifying power ? 

86. A long-sighted person can only see distinctly 
objects which are at a distance of 48 cm. or more : .by 
how much will he increase his range of distinct vision if 
he uses convex spectacles of 32 cm. focal length? 
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86. A short-sighted man can read printed matter 
distinctly when it is held at 1 5 cm. from his eyes : 
find the focal length of the glasses which he must use 
if he wishes to read with ease a book at a distance of 
60 cm. 

87. A convex lens produces an image of a candle- 
flame upon a screen whose distance from the candle is 
/ ; the lens is displaced through a distance d^ when it is 
found that a distinct image is again produced upon the 
screen. Show that Che focal length of the lens is 

88. Prove that the size of the object in the last 
question is a geometrical mean between the sizes of the 
two images produced. 

89* In an experiment made according to the method 
of Ex. 82, the distance between the candle and screen 
was 255 cm. and the lens had to be shifted through a 
distance of 73*7 cm. What was its focal length ? 

00. Calculate the mean value of the focal length of 
a convex lens which gave the following results by the 
method of displacement : — 

Exp. I . . . /=85cm. ^=38»7cm. 
„ 2 . . . /=8o ,, </=33.o „ 
„ 3 . . . /=7o „ </=i4'S „ 

EXAMINATION QUESTIONS. 

91. Describe a method of measuring the velocity of 
light (a) in air, (^) in glass, its velocity in air being 
known. In using Foucault's method it was observed 
that when the mirror was turning 257 times per second 
the displacement of the image was '113 metre, the dis- 
tance between the slit and the moving mirror being 8*58 
metres, and between the two mirrors 605 metres. Show 
{hat the velocity of light is 296,000,000 metres per 

second. Camb. Schol. 1883. 

92. State the principles on which the illuminating 
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powers of two sources of light are compared. The dis- 
tance between two incandescent lamps, of i6 and 25 
candle-power respectively, is 6 feet. Show that there 
are two positions, on the line joining the lamps, in which 
a screen may be placed so as to receive equal illumina- 
tion from each lamp, and determine these positions. 

PreL Sc 1887. 

93. On a moonlight night, when the surface of the sea 
is covered with small ripples, instead of an image of the 
moon being seen in the sea, a long band of light is ob- 
served on the surface of the sea extending towards the 
point which is vertically beneath the moon. Account 
for this phenomenon in accordance with the laws of 
reflection, illustrating your explanation by a figure. 

Matric z883. 

04. What is the index of refraction of a transparent 
substance ? 

A plate of glass 6 inches thick with a refractive index 
of 1*5 is placed 2 inches above a luminous object. 
Make a careful full-sized drawing showing the path of a 
small conical pencil of light through the plate, the axis 
of the pencil being normal (or perpendicular) to the sur- 
face of the glass, and show where the image of the object 
will appear to an eye placed on the other side of the 

plate. Matric Z884. 

95. Define the term " the refractive index of a trans- 
parent medium," and give an account of experiments by 
which that of a liquid may be measured. 

The refractive index of water is i«33, and the velocity 
of light in air is 300,000,000 metres per second. Find 
its value in water, stating the experimental grounds there 
are for your answer. ind. c s. 1885. 

96. Under what circumstances is total internal reflec- 
tion possible ? A ray of light passing through a certain 
medium meets the surface, separating the medium front 
air at an angle of 45°, and is just not refracted. What 
is the refractive index of the medium ? Matric. 1887. 
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07. What is meant by saying that the refractive 
indices of glass and of water are 1*5 and 1*33 respect- 
ively ? Show for which of these substances the critical 
angle, or limiting angle of refraction, is the greater. 

Matric. 1885. 

68. An image of a candle-flame eight times as broad 
as the flame itself is to be thrown, by means of a convex 
lens, on a wall at a distance of 1 2 feet from the candle. 
What will be the focal length of the lens required, and 
where must it be placed ? Matric 1885. 

00. How is the focal length of a convex lens best 
determined without the aid of sunlight ? 

An object is placed 8 inches from the centre of a con- 
vex lens, and its image is found 24 inches from the 
centre on the other side of the lens. If the object were 
placed 4 inches from the centre of the lens where would 
the image be ? Matric x886. 

100. An object 3 inches in height is placed at a dis- 
tance of 6 feet from a lens, and a real image is formed 
at a distance of 3 feet firom the lens. The object is then 
placed I foot from the lens. Where, and of what height, 
will the image be ? Matric 1887. 

101. A goldfish globe of 6 inches radius is filled with 
water. Determine the apparent position of a point 
inside the globe, 4 inches from its surface, when seen by 
an eye outside looking along a radius of the globe. 

Int. Sc 1884. 

102. A small direct pencil of rays from a luminous 
point enters a refracting medium bounded by a spherical 
surface. Determine the image of the point 

Given a double concave lens of 5 cm. thickness, the 
radii of curvature of its feces being 15 and 20 cm. 
respectively. Find the position of the image of a point 
in the axis 24 cm. from the nearer face, aberration being 

neglected. int. Sc Honours 1884. 

103. Trace the position of the image of a bright 
point formed by a lens consisting of a sphere of glass. 
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of radius 2 inches and refractive index 1-5, when the 
point moves from an infinite distance up to the sphere. 

Int. Sc. Honours 1885. 

• 104. Explain fully how you would determine experi- 
mentally the index of refraction of a plano-convex lens 

for sodium light int. Sc. Honours 1883. 

106. A luminous point is placed in the axis of a glass 
hemisphere, for which fi = 3/2, at a distance of a foot 
fr6m the plane surface ; if the radius of the hemisphere 
be 9 inches, show that the rays after passing through it 

will be parallel. Camb. Schol. x886. 

106. A small air-bubble in a sphere of glass 4 inches 
in diameter appears, when looked at so that the bubble 
and the centre of the sphere are in a line with the eye, 
to be I inch from the surface. What is its true dis- 
tance ? (ft = I • 5.) Int. Sc X887. 

107. A convex lens of 6 inches focal length is used to 
read the graduations of a scale, and is placed so as to 
magnify them three times ; show how to find at what 
distance from the scale it is held, the eye being close up 

to the lens. Owens Coll. 1886. 

108. A pair of spectacles is made of two similar lenses, 
each having two convex surfaces of 10 and 20 inches 
radius respectively, and a refractive index i'5. A 
person seeing through them finds that the nearest point 
to which he can focus is i foot away from the glasses. 
What is his nearest point of distinct vision ? 

Camb. M.B. 1885. 

100. How is a spectrum obtained by diffraction? 
How does such a spectrum differ from a prismatic spec- 
trum? 

If a grating with 100 lines to the millimetre is 
placed in front of a slit illuminated with monochro- 
matic light, and the angular distances of the ist and 
2d images are found to be 2° 18' and 4° 35' from 
the central image, what is the wave length of the 
light ? 
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sin 2° 1 8'= •0401. 
sin 4° 35'=-0799« 

Balliol Coll. x88z. 

110. Light from two exactly equal and similar small 
sources very close together falls on a screen. Account 
for the bands seen, explaining the difference in the 
appearance, according as the light is white or of some 
definite refrangibility. 

The distance between the two sources of light is •184 
cm., and the distance between the sources and the 
screen is 11 2 cm. ; a series of bright and dark bands at 
a distance of '036 cm. apart is observed on the screen. 
Find the wave length of the light used. ind. C S. 1885. 

IIL The minimum deviation of a ray of light pro- 
duced by passing through a prism of angle 60"* 6' 20'' is 
42° 40' 20". Show how to use these results to deter- 
mine the refractive index of the glass prism, and find it, 
having given — 

L sin 5 1° 24' = 9*89294, L sin 30° 4' = 9*69984, 

Lsin $1° 23' = 9-89284, Lsin 30° 3' = 9*69963. 

log I -5610 =-19340, log 1*5600 = -19312. 

Int. Sc Honours x886. 



CHAPTER VII 

SOUND 

Velocity of Sound. — Newton proved that the 
velocity of sound in any medium is given by the equation 

V = v^E/D, E denoting the elasticity and D the density 
of the medium. 

The elasticity of a fluid is defined as being the ratio 
of any small increase of pressure to the proportional 
decrement of volume thereby produced. It can be 
shown that the elasticity of a perfect gas is equal to its 
pressure, provided that its temperature remains constant 
during the compression. 

A geometrical proof of this important proposition is given in 
Maxwell's Theory of Heat, It may also be proved as follows : — 

Let V be the volume of a given mass of gas under the pres- 
sure P. Now suppose the pressure to increase by a small 
amount /, and let v be the decrement of volume thereby pro- 
duced : the pressure is now P -f A and the volume V - z/. If 
the gas obeys Boyle's law, the product of these two quantities 
is equal to the product of the original pressure and volume, or 

PV = (P+/)(V-z;), 
= PV + V/-Pz/-/z'. 

Since both the quantities / and v are small, their product may 
be neglected (p. 17); thus 

V/ = Pr. 

Now the proportional decrement of volume (or decrement per 
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unit volume) is -, so that the elasticity (by definition) is p h^ 
or Vpjv, But by the last equation 

and therefore the elasticity is equal to the pressure. 

We have seen (p. 70) that if the barometer stands at 
h CHL, the atmospheric pressure is 11 = Ap^ dynes per sq. 
cm. This gives us for the velocity of sound in air at o** 

or, at the normal pressure, 

V = Vi,oi3,226/0'Ooi,293, 
= 279,933 cm. per sec., 

whereas the velocity found by experiment is 332 metres 
per sec This discrepancy between the calculated and 
observed values remained unexplained until Laplace's 
time. He pointed out that the compression produced by 
a sound-wave takes place so rapidly that any heat which 
is developed by it cannot be conducted away: the 
elasticity cannot therefore be calculated on the supposi- 
tion that the temperature remains constant If we 
assume that no heat is allowed to escape, it can be 
proved that the elasticity is equal to yll, 11 being the 
pressure and y the ratio between the specific heat of 
air at constant pressure and its specific heat at con- 
stant volume. Introducing this correction (known as 
Laplace's correction) we have 

or taking y = i '4, 

V=Vi.4 X ioi3226/o>oooi293t 
= 331,221 cm. per sec, 

which is almost identical with the velocity found by 
experiment. 

1. Explain, on general principles, why the velocity of 
sound in air increases with the temperature, but is 
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independent of the pressure ; and calculate its velocity 
at 15". 

Note, — The velocity of sound in air at o** is 332 metres per 

second. 

2. Find the temperature at which the velocity of 
sound in air is 350 metres per second. 

3. An observer sets his watch by the sound of a 
signal-gun fired at a station 1500 metres off: find, to a 
hundredth of a second, the error due to distance, the 
temperature being 15°. 

4. Show that the left and right hand members of the 

equation V = s/K/D are of the same dimensions. 

5. A tuning-fork is held over a tall glass jar, into 
which water is gradually poured until the maximum 
reinforcement of the sound is produced. This is found 
tabe the case when the length of the column of air is 
64 '8 cm. What is the vibration number of the fork ? 

6. Calculate the velocity of sound in hydrogen gas, 
assuming its velocity in air, and having also given that 
I litre of hydrogen = 0'0896 gm., and i litre of air 
= I '293 gm. 

7. Find the length of a closed organ-pipe, which when 
blown will give the note ^ (256 vibrations per second). 

8. Calculate the velocity of sound in water at 10°, its 
coefficient of elasticity at this temperature being 2- 1 x i o^®. 

The velocity of sound in liquids is given by the same expres- 
sion \/£/D, £ denoting the coefficient of elasticity (or 
the reciprocal of the coefficient of compressibility) and D 
the density. 

At 10° the density of water is sensibly equal to unity, and the 
required velocity is 

V= \/2«i X io^= 144,900 cm. per sec. 

9. By experiments made in the Lake of Geneva, 
Colladon and Sturm found that sound travelled in water 
at 8*«i with a velocity of 1435 metres per sec. What 
value does this give for the elasticity of water ? 
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10. It is found that a force equal to the weight of 
3000 lbs. is required to elongate a bar of iron i sq. inch 
in section by 1/10,000 of its original length : calculate 
from this the velocity of sound in iron, [i cub. ft. of 
iron = 480 lbs.] 

In calculating the velocity of sound in solids, E is to be 
taken as denoting Young's modulus of elasticity, the 
value of which for iron, in poundals per square foot^ is 
10,000 X 3000 X 32 X 12*. 

The density of iro n, in lbs. per cub. ft., is given as 480. Thus 

= V9'6 X 10® X 1 2'/48o= 17,000 ft. per sec. 

11. Calculate the value of Young's modulus for steel, 
having given that its density is 7*8, and that sound 
travels in it with a velocity of 5200 metres per second. 

12. What will be the pitch of the note emitted by a 
wire 50 cm. in length, when stretched by a weight of 2 5 
kilogrammes, if 2 metres of the wire are found to weigh 
4.79 gm. ? 

It can be proved that a sound-wave travels along a stretched 

wire or string with a velocity v = VF/M, where F is the 
stretching force, and M is the mass of the wire per unit of 
length.* 

1 The modulus of elasticity (Young's modulus) is defined as follows : — 
Suppose a bar or wire of length L and cross-section r to be stretched by a 
force F, and let / denote the elongation produced ; then the modulus of 
elasticity for the material of which it is composed is E=:LF//r. The modu- 
lus is frequently expressed in lbs. per sq. in., or kilogrammes per sq. cm. ; in 
such cases it must be multiplied by^, and care should be taken to use the 
same units consistently in the calculation, e^. if we wish to find the velo- 
city in centimetres per sec, the modulus must be expressed in dynes per sq. 
cm. and the density in grammes per c.c 

S If the wire be of density ^, M=rrV, so that if we denote by / the tension 

of the wire per unit of sectional area, /=F/irrS, and therefore tr=V//</. 
The complete expression for the number of vibrations per second produced 
by a wire of density d stretched by a weight P is 
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If X be the wave-length of the note, and n the number of 
vibrations per second producing it, then v = ifX : also the 
length / of the stretched wire must be an exact multiple of 
X/2. When the string is sounding its fundamental note, / 
is equal to X/2, and 



_v_v_ i_ /Y_ 

*"~X"2/"2/V M 



The stretching force in the present example is the weight of 25 
kgm. =25,000x981 dynes; and M = 4* 79/200 = 0-02395 

gm. Thus « = ^ , / a5.oooX98i ^ ^^ .^ ^^ ^^^^ ^^ 

» 100 ^ 0-03395 •* 

vibration number of r as 256, the note emitted will be ^, 
for 320/256 = 5/4, and this interval ^ is a major third. 

13. Two similar wires of the same length are stretched 
— ^the one by a weight of 4 lbs., and the other by a 
weight of 9 lbs. What is the interval between the notes 
which they produce ? 

14. A stretched string 3 feet long gives the note c 
when vibrating transversely : what note will be g^ven by 
a string i foot long stretched by the same weight and 
made of the same material, but of one-quarter the thick- 
ness? 

16. A vibrating string is found to give the note / 
when stretched by a weight of 16 lbs. What weight 
must be used to give the note a ? and what additional 
weight will give <f ? 

16. A wire 50 cm. in length and of mass 80 gm. is 
stretched so that it vibrates eighty times per sec : find 
the stretching force in dynes. \ 

^ The intervals of the diatonic scale (from c to ^), and the 
vibration numbers of the notes, taking ^= 256, are as follows : — 

c d e f g . a , b e 



i 



-^- 



:s: 



TT? 

r n f 8 1 t d' 

I : I : i : I : f : i : Y J 2 

256 : 288 : 320 :3|i-*3: 384 : 426*6: 480 ': 512 
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17. A copper wire (density 8*8) i metre in length and 
1*8 mm. in diameter is stretched by a weight of 20 
kilogrammes. Calculate the number of vibrations which 
it makes per second when sounding its fundamental note. 

18. The e string of a violin is tuned so as to vibrate 
640 times per second ; the vibrating portion has a mass 
of j^ of a gramme and a length of 33 cm. What is the 
stretching force ? 

19. An observer listens to a whistle sounded on a 
railway train as it comes toward him, and the pitch of 
the whistle appears to be/^ but just as the train passes 
him the pitch falls to / Show the speed of the train 
may be deduced from these observations. 

The note actually emitted by the whistle \&f^ but while the 
train is approaching the observer the apparent pitch is 
heightened, because a larger number of sound-waves enter 
his ear per second (Doppler*s principle). 

Suppose the train to be at a distance dy and moving with a 
velocity of v ft per sec. toward the observer ; also let n be 
the vibration number of the note f. Consider what 
happens while the engine moves through v fl. (1.^. during 
I sec.) Assuming that the velocity of sound in air is 11 00 
ft. per sec, the first vibration, produced at a distance ^, 
will reach the observer in a time <//i 100. When the »th 
vibration is produced the train is v ft. nearer, and this last 
vibration will reach him in a time djiioo - v/i 100. Thus 
his ear receives n vibrations in (i -z^iioo) sec., or 
nj^i -vliioo) per sec, which is therefore the vibration 
number of the note/jL The interval between this note 
and /is a minor semitone, and is equal to 25/24, so that 

n 25/1 

I -vjiioo" 24 ' 

and v=i 100/25 = 44. 

Thus the speed of the train is 44 ft. per sec, or 30 miles per 
hour. 

20. An observer listening to the whistle of an engine 
which is approaching him at the rate of 45 ft. per sec, 

N 
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notices that the pitch of the note which he hears is the 
same as that of a tuning-fork which makes 458 vibrations 
per sec What is the actual pitch of the whistle ? 
(Velocity of sound in air = 1 1 00 ft. per sec.) 

21. Give a graphical illustration of the manner in 
which ** beats " are produced, and show that the number 
of beats per second can be calculated from the vibration 
numbers of the two notes producing them. 

Two open pipes are sounded together, each note con- 
sisting of its first two harmonics, together with the funda- 
mental. One note has 256 vibrations per second, the 
other 170. Show that two of the harmonics will pro- 
duce beats at the rate of two per second. 

22. A smoked-glass plate is held vertically in front of 
a vibrating fork provided with a style, and the plate is 
allowed to fall freely under the action of gravity, so that 
the style traces a wavy line upon it. Prove that if the 
number of waves marked in a distance d (starting from 
rest) be «, then the vibration -number of the fork is 
nj sli djg. 

23. In an experiment made according to this method, 
it was found that in a distance of 10-9 cm. (measured 
from the position of rest) 68j^ waves were included. 
Find the vibration-number of the fork, taking ^=980. 



EXAMINATION QUESTIONS. 

24. State clearly what is meant by the elasticity of 
water. If the elasticity of water be 2 x 10^® C.G.S. 
units, calculate the velocity of sound in it. 

Int. Sc. Honours 1883. 

25. Describe the mode of transmission of a sound- 
wave in air. The velocity of sound in any gas is numer- 
ically equal to the square root of the ratio of the numer- 
ical value of the elasticity of the gas for constant heat. 
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and the density of the gas ; the velocity may also be 

calculated from the formula v=^sj^t where p is the 

pressure of the gas, d its density, and y the ratio of its 
specific heat at constant pressure and constant volume. 
Reconcile these statements. N. s. Tripos. X885. 

26. Explain the reflection of sound at the end of an 
open and a closed organ-pipe, and deduce the possible 
notes for a pipe of given length. 

Calculate the vibration frequency of a note sounded 
upon a closed organ-pipe 120 centimetres long, blown 
with air at a temperature of 1 5*^0., knowing that the 
specific gravity of air at o°C. and 760 mm. pressure is 
0*001292, the specific gravity of mercury I3'59, the 

acceleration of gravity 981 7^^, the coefficient of ex- 
pansion of air •00366, and the ratio of the two specific 
heats of air i .406. N. s. Tripos. 1885. k 

27. What should be the length of a glass tube, open 
at both ends, that it may produce the maximum reson- 
ance when a tuning-fork, making 480 complete vibra- 
tions per second, is sounding near one end ? State 
clearly the nature and relative extent of the motion of 
the air-particles in different parts of the tube, and show 
how the sound-waves are propagated in it. (Velocity of 
sound in air is 11 20 feet per second.) Prel. Sc. 1887. 

28. State the laws for the frequency of vibration of 
stretched strings. 

A string of india-rubber is stretched by a force of 2 
lbs., and it executes n transverse vibrations per second. 
The length is doubled when the stretching force is 3^ 
lbs. What is now the frequency of the vibrations ? 

^ct. Int. 1886. 

29. One end of a string is attached to a prong of a 
tuning-fork ; the string passes over a small pulley, and 
carries a weight at the other end. With a weight of 
40 grammes the string divides into four segments when 
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the fork vibrates : what weight must be suspended to 
cause the string to vibrate in five and in six segments ? 

If the string be originally in the plane of vibration of 
the fork, what effect will be produced by turning the 
fork, so that the plane of vibration of the prongs is at 
right angles to the string ? B. Sc. 1885. 



CHAPTER VIII 

MAGNETISM 

Note, — All quantities are expressed in terms of the C.G.S. 
units. For the definitions of magnetic units and their dimen- 
sions, see pp. 4 and 15. 

1. A magnetic pole of strength 90 is found to attract 
another pole 2 cm. from it with a force equal to the weight 
of a gramme : what is the strength of the second pole ? 

By the law of inverse squares, the force exerted between the 
two poles is equal to the product of their strengths divided 
by the square of their distance apart. This is equal to 
981 dynes (the weight of a gramme), so that if P be the 
strength of the second pole, 

981 =Px 90/22, 

and P = 4X98i/90 = 43«6. 

2. The strength of a certain magnet-pole is 27: find 
the intensity of the magnetic field 3 cm. away from it, 
assuming the magnet to be so long that the influence of 
the other pole may be neglected. What force would be 
exerted by it upon a pole of strength 32 at a distance 
of 1 2 cm. t 

The intensity of the magnetic field at any point is measured 
by the force experienced by a unit magnetic pole placed at 
the point. The force exerted by the given magnet-pole 
on an unit pole 3 cm. away from it is 27x1/3^=3 
d3mes ; and hence the strength of the field at this distance 
is 3. 
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In the second case the force would be 27 x 32/(12^) = 6 
dynes. 

3. What is the force exerted between two poles of 
strength 32 and 36 units at a distance of 12 cm. from 
one another ? 

4. The repulsive force between two poles is 20 
dynes when they are 4 cm. apart : what will it be when 
the distance between them is increased by i cm. ? 

6. A magnet -pole of strength 10 attracts another 
pole 5 cm. from it with a force of 2 dynes : what is 
the strength of the second pole ? 

6. The distance between two equal magnet-poles is 
8 cm., and they repel one another with a force of 5 
dynes : find the strength of each. 

7. A magnet 8 cm. in length lies in a field of intensity 
H=:0*i8, and the strength of each of its poles is 5. 
Find the moment of the couple required to deflect it ( i ) 
through an angle of 30"" from the magnetic meridian, 
(2) at right angles to the magnetic meridian. 

The force acting on each pole in both cases ismH = 5xo*i8 

= 0-9. 
(i) The arm of the couple, or perpendicular distance between 

the forces acting on the two poles, is / sin 5 = 8 sin 30° = 

8/2 = 4, and the moment of the couple is /»H/sind=o*9 

X 4 = 3.6. 
(2) When the needle is at right angles to the meridian the 

arm of the couple is equal to the length of the needle, and 

the moment of the couple is 0*9 x 8 = 7*2. 

8. Given that the dimensions of strength of pole are 

M^L^T" > show that the dimensions of strength of fiel^d 

are M^L~^T . What is the strength of a pole which 
is urged with a force of 9 dynes when placed in a field 
of intensity 0.5 ? 

9. A freely suspended magnetic needle is deflected (i) 
through an angle of 45°, (2) through an angle of 60° 
from the magnetic meridian. Compare the couples 
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which tend to bring the needle back to its position of 
rest in the two cases. 

10. Prove that the magnetic force (or intensity of 
field) due to a bar magnet at any point on the axis of 

the magnet produced is equal to zMd^a^-i^) , where 
M is the magnetic moment of the magnet, 2 / its length, 
and d the distance of the point from its centre. 

Find the force due to each pole separately and subtract. 
Observe that since the length of the bar magnet is 2/, its 
magnetic moment is M = 2xfi/. 

11. Prove that the magnetic force due to the same 
magnet at a point opposite to its centre and at a dis- 
tance d from it is equal to M/(d^ + Z^)^, and acts parallel 
to the axis of the magnet. 

The forces due to the two poles are equal, and their com- 
ponents perpendicular to the axis are equal and opposite. 
Find the components parallel to the axis and add. 

12. A magnetic needle is deflected through an angle 
a from the meridian by a bar magnet of , 
magnetic moment M placed << broadside 
on" (t\e, in the position shown in Fig. 3, 
the line joining the centres of the two mag- 
nets being in the meridian MR, and the 
axis of the bar-magnet perpendicular to it.) 
Prove that if H be the strength of the 
field, and d the distance between the centres 

of the magnets, M/H = (d^ + /2)t tan a. 

Find the moments of the couples due to the 
action of the bar-magnet and of the earth's 
field, and equate. 

13. Prove that the equation of equilibrium 
in the preceding example would take the 
form 

M/H = (rf2_/2)«tano/2flr, 

if the bar-magnet were placed " end on," t.e, in an east 
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and west position, with the centre of the deflected magnet 
lying on the axis of the bar-magnet produced. 

Note on the Time of Vibration of a Magnet, — The small 
oscillations of a magnet 'are governed by laws similar to those 
which regulate the vibrations of a pendulum swinging through a 
small arc. The time of a complete vibration of a simple 
pendulum is /=2t »Jllg' the time of a complete vibration of 

a magnetic needle suspended horizontally is /= 2ic tj\l)^^ 

where I is the moment of inertia of the needle, and K is the 
moment of the directive force tending to restore the needle to 
its position of rest. The quantity I depends upon the mass and 
dimensions of the needle ; K is the product of two factors, 
M and H, M being the magnetic moment of the magnet, and 
H the horizontal intensity of the earth's magnetic force. The 
force acting on a needle is therefore proportional to the 
square of the number of oscillations which it makes in a given 
time. 

14. A magnetic needle is suspended horizontally at a 
considerable height above a bar-magnet which lies on 
the floor underneath it. When the north pole of the 
bar -magnet points southward, the needle makes 14 
vibrations per minute ; and when its north pole points 
northwards, the needle makes 8 vibrations per minute. 
At what rate would the needle vibrate under the action 
of the earth's force above ? 

Let n denote the number of oscillations made per minute by 
the needle under the action of the earth's force H. Then 
H = ^;f^, where ^ is a constant. 

In the first position of the bar-magnet the needle is vibrating 
in a field the strength of which is H + F, where F is the 
force due to the bar-magnet. In the second position of 
the bar-magnet its action is opposed to that of the earth, 
and the resultant field is of strength H - F. 

Thus H + F = >&x(i4)2=i96>&, 

and H-F=^x(8)2 =64;^. 

.'. H=i30^. 

Again, since H=^«*, it follows that n— s/xy^— 11.4. 
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16. A compass needle makes 50 oscillations per 
minute at a place where the dip is 64"", and 48 oscilla- 
tions per minute at another place where the dip is 71°. 
Compare the value of the total magnetic force at the two 
places. 

Let I denote the total force which acts aloQg the line of dip, 

H the horizontal component, and B the 

angle of dip ; then H/I = cos $, or 

I = H/cos^ (Fig. 4). Thus at the 

first place we have I = H/ cos 64° == 

H/o*438, and at the second place I' = 
- Hycos7i° = H7o.326. 
The vihrations of the compass -needle are 

controlled hy the horizontal component 

of the total force, therefore 

H : H' = (50)2 : (48)2 = 2500 : 2304, 
and 

1:1'= (2500/0.438) : (2304/0.326) 
= 1 : 1.238. 




Fig. 4. 



16. A magnetic needle makes 100 oscillations in 8 
min. 20 sec. under the action of the earth's force alone. 
Under the combined action of the earth and a magnet A 
it makes 100 oscillations in 7 min. 30 sec, and when 
the magnet A is replaced by another B the needle makes 
100 oscillations in 6 min. 40 sec. Compare the magnetic 
moments of A and B. 

17. A compass needle makes 10 oscillations per 
minute under the influence of the earth's magnetism 
alone. When the north pole of a long magnet A is 
held I ft. south of it, the needle makes 12 oscillations 
per minute ; and when the north pole of another magnet 
B is held in the same position, the number of oscillations 
per minute increases to 15. Compare the pole-strengths 
of the magnets A and B. 

18. At Berlin the total magnetic intensity is 0.48 (in 
C. G. S. units) and the dip is 64° : at New York the 
total intensity is 0.61 and the dip 72°. If a magnet 
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vibrating horizontally at Berlin makes 20 oscillations 
in a minute, how many oscillations would it make in the 
same time at New York ? 

19. A dip^ircle is rotated (in azimuth) through an 
angle a from the magnetic meridian, and the apparent 
angle of dip under these conditions is ^ : prove that 
the true dip {$) at the place is given by the equation 

tan $ = tan ^ cos a. 

20. Discuss the precise advantages of the method 
usually adopted for determining the magnetic dip (i.e. 
by observing the position in which the nisedle points 
vertically downwards, and then rotating the dip-circle 
through 90°) ; and prove that the true dip may be found 
from observations in any two azimuths at right angles 
by the formula 

COt2^ = COt2^j + COt2^j, 

6^ and $2 ^^ing the observed angles of dip in any two 
planes at right angles, and 6 being the true dip. 

EXAMINATION QUESTIQKS. 

21. Explain what is meant by the strength of a 
magnetic pole, and describe experiments to determine 
the law of force )>ctween two poles. 

A circle is described round a small magnet in a plane 
which contains the axis of the magnet, with its centre 
coincident with that of the magnet. Discuss the changes 
in the intensity and direction of the force on a magnetic 
pole which is carried round the circle ; and show how 
from observations at the points in which the axis of the 
magnet cuts the circle, and at the points on the circle 
midway between these, the law of force may be deter- 
mined. Camb. Schol. 1885. 

22. The centre of gravity of a dip needle does not 
quite coincide with its axis of suspension. Describe the 
operations necessary in order to eliminate the error 
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which would otherwise arise in the measurement of the 
magnetic dip. int. Sc. 1883. 

28. The intensities of the earth's horizontal magnetic 
force at two different places can be compared by observ- 
ing at each the deflection by the same magnet of a small 
compass-needle placed in the same position relatively to 
the magnet. Explain the method, and show how the 
result of the comparison would be effected by a diminu- 
tion of the magnetic moment of the compass-needle or 
of the magnet respectively, occurring between the obser- 
vations at the first station and those at the second. 

Int. Sc. 1885. 

24. Describe the principle of measurement employed 
in the Torsion-balance. 

A magnet suspended by a fine vertical wire hangs in 
the magnetic meridian when the wire is untwisted. If 
on turning the upper end of the wire half round the 
magnet is deflected through 30° from the meridian, show 
how much the upper end of the wire must be turned in 
order to deflect the magnet 45° and 60° respectively. 

Int. Sc Z884. 

26. A bar-magnet is suspended in a Torsion-balance 
by a wire without torsion. When the torsion head is 
turned through 360°, the bar is deflected 30° from the 
meridian. Through how many degrees must the torsion 
head be turned that the magnet may be in equilibrium 
at right angles to the meridian ? Prel. Sc. 1887. 

26. A magnetic needle makes a complete vibration 
in a horizontal plane in 2*5 seconds under the influence 
of the earth's magnetism only, and when the pole of a 
long bar-magnet is placed in the magnetic meridian in 
which the needle lies, and 20 cm. from its centre, a com- 
plete vibration is made in 1*5 seconds. Assuming 
H = «i8 (C.G.S.), and neglecting the torsion of the fibre 
by which the needle is suspended, determine the strength 

of the pole of the long magnet. int. Sc. Honours z886. 

27. Two small magnetic needles are placed with their 
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centres at a distance r (great compared with their own 
lengths) from each other, so that the centre of one is in 
the prolongation of the axis of the other. Show that the 
couple exerted by one on the other is approximately 

equal to ^^^^(i + ^), where M and Mj are the magnetic 

moments of the needles, and A is a constant. 

B. Sc 1879. 

28. Describe the magnetic behaviour of a piece of 
soft iron in a magnetic field of gradually increasing 
intensity, and give experimental methods by which the 
truth of your statements can be verified. 

R. Sc. Honours 1884. 



CHAPTER IX 

ELECTROSTATICS 

Note, — All quantities are expressed in terms of the C.G.S. 
units. For the definitions of the electrostatic units and their 
dimensions, see pp. 4 and 16. 

1. Two small spheres are at a distance of 5 cm. 
apart: one has a charge of 10 units of electricity, the 
other a charge of 5 units. What is the force exerted 
between them ? 

It follows from Coulomb's law, and from the definition of 
the unit quantity of electricity, that the force (in dynes) is 
equal to the product of the charges divided by the square 
of the distance between the spheres. 

Thus F = I o X 5/52 =50/25 = 2 dynes. 

If the two charges are of the same kind {i,e, both positive or 
both n^ative) the force will be one of repulsion ; if the 
one charge is positive and the other negative, the force will 
be one of attraction. 

2. Two small electrified bodies at a distance of 12 
cm. apart are found to attract one another with a force 
of 6 dynes. The one has a positive charge of 32 units : 
what is the charge of the other ? 

8. What is the distance between two small spheres 
which have charges of 32 and 36 units respectively, 
and repel one another with a force of 8 dynes ? 

4. Express in dynes the repulsive force exerted be- 
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tween two small spheres 15 cm. apart, and charged 
respectively with 40 and 45 units electricity. 

6. Two small spheres are 10 cm. apart, and one of 
them has a charge of 4 5 units : what must be the charge 
on the other so that the force exerted between them 
may be equal to the weight of 5 milligrammes ? 

6. Determine the relation between the electrostatic 
unit of quantity in the metre-milligramme-minute system 
and the corresponding C.G.S. unit. 

7. An electrified ball is placed in contact with an 
equal and similar ball which is unelectrified : on being 
separated 8 cm. from one another the force of repulsion 
between them is equal to 16 dynes. What was. the 
original chdrge on the electrified ball ? 

Since the balls are of equal size the charge will be equally 
shared between them when they are placed in contact. 
Let q be the charge on each: then the repulsive. force 
between them is {<^l^^t and this is equal to 16 dynes. 
Thus ^2 = 8* X 1 6, and ^ = 8x4 = 32. The original charge 
on the electrified ball was 2^=2 x 32 = 64 units. 

8. Two small equal balls, one having a positive charge 
of 1.0 units and the other a negative charge of 5 units, 
are 5 cm. apart : what is the attractive force between 
them ? If they are made to touch, and again separated 
by the same distance, what will be the force of repulsion ? 

9. Two small spheres, each charged with 50 units of 
electricity, are placed at two of the comers of an equi- 
lateral triangle i metre on the side : what is the 
magnitude and direction of the resultant electric force at 
the third comer ? 

10. What charge is required to electrify a sphere of 
25 cm. radius until the surface-density of the electrifica- 
tion is sjir ? 

The surface-density is the quantity of electricity per unit of 
surface. Thus if S be the area of the surface, and 9 the 
surface-density, the chaige is Qs=S^. The area of the 
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surface of a sphere of radius r is 4t^ : thus S = 4t x (25)*, 
and Q = 4irx (25)2 x 5/t = 20 x 625 = 12500. 

11. A sphere of 5 cm. radius has a charge of 1000 
units of electricity : what is the surface-density of the 
charge ? 

12. What charge must be imparted to a spherical 
conductor of 3 cm. diameter in order that the superficial 
density of the electrification may be 7 ? [Take v = 
22/7.] 

13. A magnetised knitting-needle, carrying a small 
gilt pith-ball at one end, is suspended horizontally by a 
silk fibre : a second pith-ball, of the same size as the 
first, is electrified and brought into contact with it. 
Prove that the charge on the second pith-ball is propor- 
tional to (sin -)^, where a is the angle through which 

the knitting-needle is deflected from the magnetic 
meridian. 

\ 14. Three small electrified spheres, A, B, and C, have 
charges i, 2, and 4 respectively. Find the position in 
which B must be placed between A and C in order that 
it may be in equilibrium. Prove also that there is 
another position along the line CA produced in which B 
will be equally repelled by A and C. 

16. The bob of a seconds pendulum consists of a 
sphere of mass 1 6 granunes, and it is suspended by a 
silk thread. Vertically beneath it is placed a second 
sphere, which is positively electrified, and when the pen- 
dulum-bob is negatively electrified its time of oscillation 
is found to be 0-8 sec. Prove that the attractive force 
between the two spheres is equal to the weight of 9 
grammes. (The arc of vibration is supposed to be 
so small that the attractive force is always along the 
vertical.) 

Potential and Oapacity. — It can be shown ^ that 

1 Clerk Maxwell, Elenuntary Treatise ok Electricity , Art. 86 ; Silvanus 
Thompson, Electricity and Magnetitftti Art. 338. 
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if a quantity q of dectridty be collected at a given point, 
the difierence of potentials due to it at any two given 
points A and B, whose distances from the given point 
are r and t' respectively^ is 

If the point B is removed to an infinite distance, or 
is connected with the earth, f* becomes oo , and ql?' = o. 
If we agree to r^;ard the potential of the earth as zero, 
the expression for the difference of potentials between A 
and the earth, or, more briefly, the potential of the point 
A, reduces to 

If instead of a single quantity of electricity there are 
several charges ^|, ^2> ^3» * * * ^1><>^ distances from 
the given point are r^, /j* 's' * - - respectively, then 
the potential at A due to adl these charges is 



'i ^t 's V/ 



The external action of an electrified spherical con- 
ductor is the same as if all the charge were collected 
at its centre. If the charge be Q, the potential due to 
it at any external point, whose distance fix>m the centre 
of the sphere is r, is Q/r. This is only true when r is 
not less than the radius R of the sphere. At the sudace 
of the sphere r = R, and the potential is Q/R. Now 
the capacity (C) of the sphere is measured by the charge 
required to raise its potential fit>m zero to unity, or 

C = Q/V, 

where Q is the charge and V the potential due to it. 
But we have seen that V = Q/R. Hence C = R, or — 

The capacity of a spherical conductor (placed in air 
at a considerable distance from other conductors) is 
numerically equal to its radius. 
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16. A hollow spherical conductor, whose radius is i 
decimetre, is charged with 10 units of electricity: find 
the potential (i) at the surface of the sphere, (2) inside 
it, (3) at points distant 15 and 25 cm. from its centre. 
If the sphere is connected by a long thin wire with a 
second conducting sphere of i cm. radius, what will be 
the charge and potential of each sphere ? 

(i) At the surface V = Q/C = Q/R= 10/10= i. 

(2) The potential is constant and equal to unity throughout 

the whole interior of the sphere. 

(3) At the first point V=io/i5 = o«6; at the second V = 

10/25 =o«4. 

After connection is made the two spheres will be reduced to 
a common potential. The capacity of the system (neglect- 
ing the capacity of the fine wire) is equal to the sum of 
the capacities of the two spheres=io+ 1 = ii. Their 
joint charge is equal to the original charge = 10. Hence 
their common potential is V = Q/(C + C) =10/11= 0*969. 
The charge of the first sphere is ^. = CV= 10 x lo/ii = 
9 •69 ; the charge of the second sphere is ^2 = CrV= i x 
10/11=0-969. 

Observe that the charge is shared in the ratio of 10 to i ; 
i,e, in the ratio of the capacities of the conductors. 

17. Charges of 50 units of electricity are placed at 
each of the corners of a square whose side is i metre : 
find the potential at the point of intersection of the 
diagonals. 

18. Two conductors, of capacity 10 and 15 respect- 
ively, are connected by a fine wire, and a charge of 
1000 units is divided between them: find the charge 
which each takes, and the potential to which it is raised. 

10. A conductor of capacity 75 is charged to a poten- 
tial 20, and is then made to share its charge with a 
second conductor of capacity 25 : what will be the final 
charge and potential of each ? 

20. Three spheres of capacity i, 2 and 3 are charged 
to potentials 3, 2 and i respectively, and are then con- 

O 
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27. Two spheres, of 2 and 6 cm. radius, are charged 
respectively with 80 and 30 units of electricity : com- 
pare their potentials. If they are connected by a fine 
wire, how much electricity will pass along it ? 

28. Two small electrified spheres of the same size are 
placed at a distance of 4 cm. apart, and the charge of 
the one is double that of the other. The two spheres 
are brought into contact, and are then removed to a 
distance of 6 cm. from one another : find the ratio be- 
tween the repulsive forces in the two cases. 

29. A charged sphere of radius r is made to share 
its charge with a second sphere of radius r' ; prove that 
the density of the electrification on the first is to that on 
the second as f^ : r. (See Ex. 10.) 

30. The diameters of two spheres are 4 cm. and 6 
cm. respectively, and the potential of the second is one- 
third greater than that of the first : compare the surface- 
densities of their charges. 

31. A small sphere, charged with 4 units of positive 
electricity, is 12 cm. from a second insulated sphere 
charged with 9 units of negative electricity. The second 
sphere is removed, touched with an unelectrified sphere 
of one half its diameter, and is then placed 8 cm. from 
the first sphere. Prove that the attractive forces in the 
two cases are as 2 : 3. 

32. A sphere of 25 cm. radius is charged until its 
surface-density is ^jir : what is its potential ? 

33. A number of small insulated spheres situated on 
the circumference of a circle are charged to different 
potentials : prove that the potential at the centre of the 
circle will not be altered if all the spheres are connected 
together by fine wires whose capacity may be neglected. 

34. Two small insulated bodies, of capacities a and 
^, receive charges A and B respectively. What will be 
their common potential if they are connected by a long 
fine wire, and how much electricity will flow along the 
wire ? 
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86. In the preceding question, find the point on the 
line joining the two small bodies at which the potential 
is the same before and after contact is made by means 
of the wire. 



Oapctoity of a Spherioal Air-Gk>ndeiiser. — 
The capacity of a spherical air-condenser, consisting 
of an insulated sphere of radius r, and a concentric 
spherical shell of radius f^, is rr'l{r' - r). 

For let M (Fig. 5) be the common centre, and suppose 
a charge Q of positive electricity (" + Q ") to be imparted 

to the inner sphere A. This 
will induce an equal negative 
charge, - Q, upon the internal 
surface of the outer spherical 
shell B. If B is insulated 
there will also be a charge + Q 
repelled to its outer surface, 
but this positive induced 
•j^ charge can be removed by 
placing B in contact with the 
earth. The potential of the 
outer sphere will now be 
zero, and so also will be 
the potential at any external 
point N. 

For if d be the distance of N from M, the potential 
at N due to the charge on A (see p. 192) is + Q///: the 
potential at N due to the charge on B is - Q/^, and the 
sum of these two quantities is zero. 

At the surface of A the potential due to its own charge 
is Q/r, and that due to the charge on B is - Q/f^ (for the 
potential due to the charge on the outer sphere B at any 
point inside it is constant, and is equal to the potential 
at the surface of B due to this charge). 

Thus the resultant potential of A is Q/r- Q/f^. The 
capacity of the condenser is numerically equal to the 




Fig. 5. 
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charge required to raise the potential of the inner sphere 
from zero to unity, or 

Q I _ r/ 

Specific Inductive Capacity. — The Specific Induc- 
tive Capacity of a substance is the ratio between the 
capacity of a condenser containing the given substance 
as dielectric and that of an equal and similar air-condenser. 
If the capacity of the latter be C, then the capacity of 
the former is C = C^, when k is the specific inductive 
capacity of the dielectric which it contains. If the con- 
denser consist of two concentric spherical surfaces, the 
full expression for its capacity is C = k,r/ j (y — r), 

36. An uncharged condenser containing a solid di- 
electric is placed in electrical connection with an equal 
and similar air-condenser charged to the potential V. If 
the common potential after sharing the charge is V, 
what is the specific inductive capacity of the dielectric ? 

If C be the capacity of the air-condenser, its original charge 
was Q = VC. The joint capacity of the system after con- 
nection is made is (C -f C), where C is the capacity of the 
uncharged condenser ; and the total charge is V (C -f C). 
This is also equal to Q, for no electricity is supposed to be 
lost in sharing the charge. 

.-. VC = V'(C-fC'). 

\{k be the specific inductive capacity of the dielectric, C' = C^, 

and VC = V'C(i-f>&), 

or >& = (V-V')/V'. 

37. A charge Q is imparted to an uninsulated air- 
condenser consisting of two concentric spherical surfaces 
of radii r and r'. Prove that at any point between the 
two surfaces, and at a distance d from their common 
centre, the value of the potential is Q^jd - Q/r^, 

38. Find the capacity of a spherical condenser, the 
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*- 

inner coating of which has a diameter of 60 cm., and 
the dielectric being glass of specific inductive capacity 
6*8 and thickness 1-5 cm. 

39. Two condensers are similar in every respect, 
excepting that one contains air as the dielectric, and the 
other turpentine of specific inductive capacity 2.16. If 
a charge of 500 units is divided between them, what 
charge will each take ? 

40. Two metal spheres, whose radii are 10 cm. and 
5 cm. respectively, are connected by a long fine wire, 
and the smaller sphere is surrounded by a concentric 
spherical shell of 5*5 cm. internal radius. If a charge 
of 520 units is divided between them, what will be the 
charge and potential of each ? 

41. A condenser consists of two concentric spherical 
surfaces whose radii are 100 mm. and loi mm. re- 
spectively. The space between them .is filled with 
sulphur of specific inductive capacity 3 '4. Find the 
radius of an insulated spherical conductor which would 
have the same capacity as this condenser. 

Energy of a Charged Condenser. — It follows from the 
definition of difference of potential that if Q units of electricity 
are transferred from a place at which the potential is V to 
another place at which the potential is V, the work done by the 
electrical force is Q( V - V) eigs : if V = o (as, for example, if 
the charge is removed to an infinite distance, or allowed to 
escape to earth), then the work done is QV. But all this is on 
the supposition that the potential at both places remains constant 
and is unaltered by the transference of the charge ; which would 
be approximately correct if the charge were transferred from one 
conductor of laige dimensions (and therefore large capacity) to 
another conductor of large dimensions, such as the earth. 

The case is different when the potential of the charged body 
is due to its own charge ; for if the conductor or condenser is of 
finite capacity C, and if a charge Q is imparted to it, it is raised 
to a definite potential V, which _is given by the equation 
C = Q/V. If the electricity is allowed to escape gradually to 
earth, then as the charge diminishes from Q to zero, so the 
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potential falls from V to zero, the average potential during the 
process being V/2. It can be proved that the work done in the 
discharge is measured, not by the product of the charge into the 
potential, but by the product of the charge into the average 
potential during the discharge, and is therefore equal to QV/2. 

For the discharge may be supposed to take place by n sepa- 
rate steps, such that in each of these separate discharges a 
quantity q of electricity is removed. The potential is Q/C at 
the beginning, and (Q - ^)/C at the end of the first discharge ; 
hence the work done in this first discharge is less than ^Q/C 
and greater than q{Q-q)/C, The difference between these 
quantities is g^C, and the difference between either of them and 
the correct expression for the work done in this partial dis- 
charge is less than q^/C. 

The potentials at the beginning of the first, second, nth dis- 
charges are Q/C, (Q - ^)/C, . . . (Q - « - i'^)/C respectively. 
The amounts of work done in these separate discharges may be 

represented by ^/C, ^(Q-^)/C, . . . ^(Q-»-i"^)/C re- 
spectively. If we add together the n terms so as to find the 
total work done in the discharge, we shall make an error which 
is less than n x q^jC. Now the whole charge Q is equal to 
nxq^ so*that the error is less than qQjC ; and if if be made 
very large q becomes so small that the quantity qQJC may be 
neglected. 

The total work done is 

= ^|«Q-(l + 2+ . . . +«-i)^|. 

Now the sum of the first n natural numbers is n{n + i)/2, and 
the sum of the first (» - i) natural numbers is (« - i)«/2. 

'^^'^ w Q' (^i-iW^ ^Q' ■ Qf 

C 2C 2C 2C' 

and, as we have seen, the last term can be neglected when n is 
made very large. 

Since Q = VC, the energy of the charge {t.e, the work done 
in the discharge) is equal to Q72C, or QV/2, or CV2/2. 

The work done against the electrical forces in charging the 
conductor or condenser is also equal to ^QV. This follows , 
necessarily from the principle of the conservation of energy : it 



W 
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may also be proved independently by a method similar to that 
which we have adopted above. 

42. A Leyden jar of capacity C^ is charged and dis- 
charged. It is again charged to the same potential, and 
partially discharged by allowing it to share its charge 
with an empty jar of capacity C^ Lastly, the two jars 
are separately discharged. Compare the energies of the 
four discharges. 

The energy of the original charged jar is Q2/2 Cp Q denoting 
the quantity of electricity which it contains. 

The same quantity is next shared between the two jars whose 
joint capacity is Cj + Cg, so that their common potential 
after the charge is shared is V = Q/(Cj + Cg). 

The energy of the charge of the first jar is now 



CiV^^c,/ Q y 

2 2\Ci + C2/' 

and that of the second jar is 

CgV'^c,/ Q y 

2 2 \Ci + Cj/ ' 



The energy lost in the partial discharge (/>. in sharing the 
charge) is 

Q« q + Ca f Q \2_ C2Q2 



• Vc,+cJ "" 



2C1 2 VC1 + C2/ 2Ci(Ci + C2) 

Thus the energies of the four discharges, taken in the order 
in which they occur, are as 



c, . c 



2 



C/ Ci(C, + C2) • (C, + C2)2 • (C, + C2)2' 
t\e, as (Cj + C^y : C2(Ci + C^) : C^^ : CjCy 

43. An air-condenser, whose armatures are concentric 
spheres of diameter 20 and 24 cm. respectively, is 
charged to potential 50 : find the work done in charg- 
ing it. 

44. A condenser of capacity 10 is raised to a potential 
30 : what is its charge, and how much work is done in 
charging it ? 
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46. A spherical air-condenser, the coatings of which 
have radii of 16 and 17-5 cm. respectively, is charged 
tO' a potential 12, its outer coating being in contact with 
earth. Calculate its energy. 

46. Two insulated spheres, of 12 cm. and 3 cm. 
radius, are charged respectively with 36 and 24 units of 
electricity : compare their potentials, and the energies of 
their charges. 

47. Compare the work done in charging a Leyden jar 
of capacity 30 to potential 1 5 with that required to 
charge ajar of capacity 20 to potential 45. 

48. The armatures of a condenser are concentric 
spheres of diameter 20 and 24 cm. respectively, and the 
space between them is filled with shellac of S.I.C. = 3. 
The condenser has a charge of 7560 units. If it is dis- 
charged in such a way that all the energy is converted 
into heat, how much heat will be produced ? [J = 
4.2 X 10^.] 

The capacity of the condenser is 3 x 10 x 12/2= 180. The 
energy of its charge is Q72 C = (7560)2/360 = 1 58760 ergs. 

Let H denote the amount of heat (in terms of the calorie or 
gramme -degree) resulting from the discharge : then JH 
= E, or 

4.2 X lo^ X H= 158760, 

and .\ll = 0*00378 calorie. 

49. The capacity of a condenser is 700 ; to what 
potential must it be charged in order that the energy of 
its discharge may be equivalent to one heat-unit ? 

60. Two equal and similar Leyden jars have their 
outer coatings connected to earth : one is uncharged, the 
other is charged to potential V. Find the energy of 
each after the charge has been shared, and show that 
one-half of the energy of the charged jar is dissipated in 
the spark which passes when their knobs are connected. 

61. The coatings of a charged Leyden jar are con- 
nected with those of an uncharged jar of double the 
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capacity. Compare the energy of the system with that 
of the original charged jar. 

62. What would be the solution of the preceding 
example if the linear dimensions of the uncharged jar 
were double those of the charged jar, other things being 
equal ? 

63. A charged sphere of radius r is made to share its 
charge with an uncharged sphere of radius r' : prove 
that the energy of the original distribution is to that of 
the final distribution as (r+r') : r, 

64. A Leyden jar is charged and then connected up 
with nine uncharged jars so as to form a battery of ten 
equal jars : show that the energy of the whole battery is 
only one-tenth that of the single jar. 

66. A condenser is charged to a given potential and 
then discharged. It is again charged to the same poten- 
tial, and made to share its charge with [another con- 
denser of half its capacity, after which the jars are 
separately discharged. Compare the energy of dis- 
charge in each case. 

66. A Leyden jar is charged with electricity ; an 
equal charge is imparted to a battery consisting of four 
equal and similar jars, the inner coatings of which are 
connected together. Compare the energies of the two 
charges. 

67. The outer armatures of two spherical air-conden- 
sers are of the same radius, viz. 20 cm. The first is 
charged, and the radius of its inner armature is 1 5 cm. : 
the second is uncharged, and its inner armature has a 
radius of 18 cm. Prove that if the first condenser is 
made to share its charge with the second, three-fourths 
of its energy will be lost. 

68. A given quantity of electricity is to be shared 
between a number of conductors of different capa- 
cities. Prove that the energy of the system is a mini- 
mum when all the conductors are charged to the same 
potential. 
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EXAMINATION QUESTIONS. 

60. Define the potential and the capacity of a charged 
conductor. Two insulated hollow conducting spheres of 
radii a and b (a>d) are charged at a considerable dis- 
tance from one another to potentials A and B. The 
larger is then opened and the other is put inside and 
allowed to touch. Determine the potentials of the 
spheres and the quantities of electricity in each. 

Edinb. M.A. 1884. 

60. Of two similar metal discs A and B, placed par- 
allel to each other, A is connected with a gold-leaf 
electroscope, and B with the gas-pipes. A small charge 
of electricity is given to A, and the leaves of the electro- 
scope diverge. When a slab of sulphur is introduced 
between the discs, the divergence diminishes. But if B 
be insulated and charged, while A is charged only by 
induction, the introduction of the sulphur causes an in- 
crease of the divergence. Explain these experiments. 

Prel. Sc. 1887. 

61. Two small equal spheres, A and B, placed with 
their centres at a distance of i metre apart, are charged 
with 2 5 and - 2 5 units of electricity respectively. Find 
the direction and magnitude of the resultant electric force 
at a point i metre from each of the spheres. Find also 
the electric potential at the same point. 

Prel. Sc. 1888. 

62. Assuming that the quantity of electricity produced 
by a plate machine is proportional to the number of turns 
of the disc, explain how the capacities of two condensers 
may be compared. int. Sc. 1883. 

63. A, B, and C are three Leyden jars, equal in all 
respects. A is charged, made to share its charge with 
B, and afterwards share the remainder with C, both B 
and C being previously without charge. The three jars 
are now separately discharged. Compare the quantity 
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of heat resulting from each discharge with what would 
have been produced by the discharge of A before any 
sharing of its charge. int. Sc 1884. 

64, What must be the velocity of a bullet of 1 5 gm. 
that its kinetic energy may be equal to the electric 
energy of a globular flask of 8 cm. radius, half filled with 
oil of vitriol and half immersed in oil of vitriol, the glass 
being 0-05 cm. thick, its specific inductive capacity = 6, 
the liquid inside being at potential 300, and the liquid 

outside at potential 700 ? Int Sc. Honours 1884. 

66. Explain the action of the attracted disc electro- 
meter. A circular plate connected with the earth, 5 cm. 
in radius, hangs from a balance at a distance of *$ cm. 
above an equal horizontal disc which is insulated. On 
electrifying the lower disc, a mass of 8 gm. has to be 
placed in the other pan of the balance to maintain equi- 
librium. Find the potential of the lower disc. In what 
units is your answer expressed ? int Sc. Honours 1887. 



CHAPTER X 

CURRENT ELECTRICITY 

Ohxn's LaT^. — The current which flows along any con- 
ductor is directly proportional to the electromotive force 
(or difference of potential) between its ends, and is 
inversely proportional to its resistance. Thus if C de- 
note the current and E the electromotive force (or 

E.M.F.), 

E E 

Coc-, orC = ^.^, 

R being the resistance of the conductor, and k a 
constant. 

If we agree to define the resistance of a conductor as 
being the ratio between the E.M.F. along it and the 
current thereby produced (R = E/C), the constant k 
becomes equal to unity, and Ohm's law may be ex- 
pressed by the equation 

This equation holds good when C, E, and R are ex- 
pressed in terms of the C.G.S. electromagnetic units 
defined on p. 5, and also when these three quantities are 
expressed in terms of the so-called practical units (current 
in amperes, E.M.F. in volts, and resistance in ohms). 

1. An incandescent lamp takes a current of 0-7 
ampere, and the E.M.F. between its terminals is found 
to be 98 volts : what is its resistance ? 
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Since C is expressed in amperes and E in volts, the resistance 
of the lamp, in ohms, will be given by the equation 

R = E/C = 98/0. 7 = 140. 

2. The E.M.F. of a battery (or difference of potential 
between its poles on open circuit) is 1 5 volts : when the 
poles are connected by a copper wire a current of i'5 
ampere is produced, and the potential difference between 
the battery poles falls to 9 volts. Find the resistance 
of the wire and the internal resistance of the battery. 

The resistance (R) of the wire is the ratio of the difference of 
potential between its ends (9 volts) to the current thereby 
produced (1*5 ampere), 

t\e.R = V/C = 9/1 -5 = 6 ohms. 

Notice that 9 volts is the potential difference causing the flow 
of current through the wire of resistance to 6 ohms ; the Ma/ 
£,M,F. acting round the circuit is 15 volts. Call this E, 
and the resistance of the battery B : applying Ohm's law 
to the complete circuit, we have E = C(B + R), 

t.e. i5 = i.5(B + 6)=i.5B + 9, 
and B = 6/1 '5 = 4 ohms. 

3. The wire used on Indian telegraph lines is iron 
wire of No. 2 B.W.G., having a resistance of 4.6 ohms 
per mile. The batteries consist of Minotto cells of 1-04 
volt E.M.F. and 30 ohms resistance per cell. Assum- 
ing that the resistance of the instruments is 80 ohms, 
and that a current of 8 milli-amp^res is required to work 
them, find how many cells should be employed on a 
line 200 miles in length. 

If « be the number of cells required, the E.M.F. of the 
battery is I '04 ft volt, and its internal ' resistance is 30 n 
ohms. The resistance of the line is 4*6 x 200 = 920 ohms, 
and that of the instruments is 80 ohms ; the total external 
resistance (assuming that of the return circuit through the 
earth to be negligible) is 1000 ohms. 
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A milli-ampire is one-thousandth of an ampere, so that the 
required current is o*oo8 ampere. By Ohm's law, 

C = I "04 «/(30 n + 1000), and this = o-oo8, 

.'. i«04« = 0'24« + 8, 

i.e. o*8 » = 8, and n = 10. 

4. A current of 8»5 amperes flows through a con- 
ductor, the ends of which are found to have a difference 
of potential of 24 volts : what is its resistance ? 

5. If an incandescent lamp of 80 ohms resistance 
takes a current of 0-75 ampere, what E.M.F. is required 
to work it ? 

6. A glow lamp takes a current of i»32 ampere and 
the E.M.F. between its terminals is found to be 66 volts : 
what is its resistance while hot } 

7. A battery consists of 5 Daniell cells, each having 
an E.M.F. of i'08 volt and an internal resistance of 4 
ohms : what current will the battery produce with an 
external resistance of 7 ohms ? 

8. You are required to send a current of 2 amperes 
through an electromagnet of 3*5 ohms resistance, and 
are supplied with a number of Grove cells each of 1-9 
volt E.M.F. and o«2 5 ohm internal resistance: how 
many cells are required ? 

9. One end (A) of a wire ABC is connected to 
earth ; the other end (C) is kept at a constant potential 
of 100 volts. If the resistance of the portion AB is 
9-6 ohms and that of BC 2 '4 ohms, what current will 
flow along the wire, and what will be the potential of 
the point B ? 

10. A Bunsen cell has an internal resistance of 0*3 
ohm and its E.M.F. on open circuit is i'8 volt. The 
circuit is completed by an external resistance of i«2 ohm : 
find the current produced and the difference of potential 
which now exists between the terminals of the cell. 
[See Ex. 2.] 

11. On adding 3 ohms to the resistance of a certain 
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circuit the current is diminished in the ratio of 6 to 5 : 
what was the original resistance, and how much should 
be added to this in order to bring the current down to 
half its original value ? 

12. How many cells, each of i«8 volt E.M.F. and i»i 
ohm internal resistance will be required to send a cur- 
rent of o*5 ampere through an external resistance of 50 
ohms? 

13. Four Grove cells, each having a resistance of 
0-25 ohm, are connected up with an electromagnet of 
5 ohms resistance, and the current has only half the 
required strength : how many additional cells of the 
same kind must be used to produce the desired effect ? 

14. Two cells, of E.M.F. i 'S volt and i .08 volt respec- 
tively, are placed in a certain circuit in opposition (/>. 
with their poles in such positions that the cells tend to 
send currents in opposite directions). The current is 
found to be 0-4 ampere : what current will be produced 
if the cells are placed properly in series ? 

16. The poles of a battery of 5 cells are connected 
by a wire 8 metres long, having a resistance of 0*5 ohm 
per metre ; each cell has an E.M.F. of i •4 volt and a 
resistance of 2 ohms ; find the distance between two 
points on the wire such that the E.M.F. between these 
points is I volt. . 

16. The poles of a battery of 4 cells are connected 
by a wire 8 ft. in length, and the resistance of each cell 
of the battery is equal to that of i foot of the wire. 
Compare the E.M.F. acting along a portion of the wire, 
3 ft. in length, with the E.M.F. of a single cell on open 
circuit 

17. A current is sent by a battery of constant E.M.F. 
(i) through a resistance of 20 ohms, (2) through a wire 
of unknown resistance, and (3) through a resistance of 
40 ohms. The currents produced are in the ratio of 
10:9:8; find the resistance of the battery and that of 
the wire. 
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* 18. The poles of a battery consisting of 40 Daniell 
cells in series are connected by a resistance of 280 ohms, 
and the current produced is 0-0535 ampere; when the 
external resistance is increased to 1080 ohms the cur- 
rent is reduced to one half: find the average resistance 
and E.M.F. of each cell of the battery, and determine 
the difference of potential existing between the poles of 
the battery when the external resistance is ?8o ohms. 

10. A Bunsen cell of 1-8 volt E.M.F. and a Plants 
cell (or accumulator) are connected up with a resistance 
of 400 ohms, the cells being in opposition, and the 
strength of the^ current is observe4s On rearranging the 
cells, so that they tend to send currents in the same 
direction, it is found that the resistance has to be in- 
creased to 4000 ohms in order to reduce the current to 
its former value. Assuming that the resistances of the 
cells may be neglected, find the E.M.F. of the accumula- 
tor and the current produced. 

20. With an external resistance of 9 ohms a certain 
battery gives a current of 0*43 ampere : when the ex- 
ternal resistance is increased to 32 ohms the current 
falls to o»2 ampere. What is the resistance of the 
battery ? 

21. The external resistance in a certain circuit is two- 
thirds that of the battery : what change will be produced 
in the current by reducing the intQmal resistance to half 
its former value, the E.M.F. remaining unchanged ? 

22. A No. 7 Brush dynamo gives an E.M.F. of 830 
volts when running at the rate of 750 revolutions per 
minut'e, and its internal resistance is 1 1 ohms : show 
that such a machine can supply 16 arc lamps in series, 
each lamp offering a resistance of 4*5 ohms and requir- 
ing a current of 10 amperes. 

23. The instruments on a telegraph circuit have a 
resistance of 230 ohms, and the line itself offers a resist- 
ance of 1 3 ohms per mile : how many Daniell cells, each 
of E.M.F.= i'06 volt and internal resistance = 4 ohms, 

P 
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will be required to send a cunent of lo miDi-an^res 
throogfa loo miles of sach a line ? 

24. The current along a telegraph line is tested at 
two stations whose respective distances from the sending^ 
battery are 50 and 1 50 miles. The cunent in the latter- 
case is one-half that in the fonner. If the galvanometer 
has a resistance equal to that of 1 5 miles of the line 
wire, prove that the battery resistance is equal to that 
of 3 5 miles of wire. ** 

BeeiBtanoe. — ^The resistance of a conductor (of uni- 
form section) is directly proportional to its length and 
inversely proportional to Uie area of its cross-section. 

If /j and /j are the lengths of two uniform conductors 
made of the same material, s^ and s^ the areas of their 
cross -sections, the ratios of their resistances (R^ and 

R,~y.rvi • • • • (O 

If the conductors are cylindrical wires of radii r^ and 
Tg respectively, then jj = rrj2, and s^=vr^^ 

• • ^ W • ' • • w 

The resistance of a conductor fitrther depends upon 
the material of which it is made. The specific resistance 
of a substance in the C.G.S. system is defined to be the 
resistance between the opposite faces of a cube, i cm. in 
the side, made of the substance. 

If p be the specific resistance of a conductor of length 
/ and cross -section s, its resistance, in CG.S, units, is 
pxl/s: expressed in ohms its resistance is px//sx i o^, 
for one ohm= 10® C.G.S. units of resistance (p. 6). 

If the conductor is a cylindrical wire of radius r its 

resistance is 

' R=p//irr« .... (3) 
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Table of (CG.S.) Specific Resistances. 



Silver 


1,520 


Copper . 


^1,600 


Aluteinium 


. . 2,900 


Platinum . 


9,000 


Iron 


9,700 


Lead 


19,500 


Mercury . 


• 94»340 



• The numbers in the above table are only given for the pur- 
poses of calculation, as representing approximately the specific 
resistances of pure metals at o"* : the resistance of a conductor 
depends to some extent upon its physical state, and commercial 
metals- usually contain impurities which considerably increase 
their resistance. - 

The specific resistance of a metal can be determined by 
measuring the resistance of a length / of wire made of the metal 
and then finding its diameter: this can be done directly by a 
micrometer wire-gauge, or, more accurately, by weighing the 
wire in air and in water so as to find its mass m and density $, 
The cross -section of the wire is then given by. the equation 
(irr2)/55= w, from, which we have vr^^m/ld. 

By equation (3) the resistance of the wire is R = p.//ir/^, 

.-. R = p./2a/m, I ' . 

and p=»iR//25 { • • . . 14) 

If Rj and Rg are the resistance of two wires made of the 
same substance, /^ and /j their lengths, m^ and ^2 ^^^^^ masses, 
then 

R2 l^jm^ l^m^ ' ' 



(5) 



26. Find the resistance at 25° of a copper wire 10 
metres long and i mm. in diameter. The resis^tance of 
copper increases by 0-39 per cent for each degriee rise 
in temperature. 

The resistance of the wire at 0° is , * 

R^= 1600 X looo/ir X (0'05)2, 

= 2'037x lo^ CG.S. units = 0*2037 ohm. 
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At 25° the resistance is 



R26 = o«2037(i +0-0039x25) = 0*2236 ohm. 

26. A uniform glass tube 92-1 cm. in length was 
filled with mercury, and the resistance of the column of 
mercury was measured and found to be 1*059 ohm ; the 
weight of the mercury contained in the tube was 10-15 
gm. Calculate from this experiment the specific resist- 
ance of mercury, taking its sp. gr. as 1 3*6. 

Expressed in C.G.S. units the resistance of the column is 
1*059 X 10^, and therefore by equation (4) the specific 
resistance is 

p= 10*15 X 1*059 X 107(92*1)* X 13-6 = 93177. 

27. Two wires of the same length and material are 
found to have resistances of 4 and 9 ohms respectively : 
if the diameter of the first is i mm., what is the diameter 
of the second ? 

28. The resistance of a bobbin of wire is measured 
and found to be 68 ohms : a portion of the wire 2 metres 
in length is now cut off, and its resistance is found to be 
0*75 ohm. What was the total length of wire on the 
bobbin ? 

29. Compare the resistances of two wires A and B, 
given that they are of the same weight and material, but 
that B is nine times as long as A. 

30. Copper wire one-twelfth of an inch in diameter 
has a resistance of 8 ohms per mile : what is the resist- 
ance of a mile of copper wire the diameter of which is 

31. Calculate the resistance of a lead wire 5 metres 
long and i mxa, in diameter. 

32. If copper wire of No. 21 B.W.G. (diameter 
= 0*032 in.) has a resistance of 54 ohms per mile, what 
is the resistance of a mile of No. 1 3 copper wire (dia- 
meter =0*096 in.)? 

33. A mile of telegraph wire 2 nmi. in diameter offers 
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a resistance of 1 3 ohms ; what is the resistance of 440 
yards of wire o*8 mm. in diameter made of the same 
material ? 

34. The resistance at o** of a column of mercury i 
metre in length and i sq. mm. in cross-section is called 
a " Siemen's Unit." Find the value of this unit in terms 
of the ohm. 

^35. Copper wire of No. 20 on the new standard wire- 
gauge has a resistance of 0*026 ohm per metre, and 
weighs 5-84 gm. per metre : what is the resistance of 
a metre of No. 32 S. W. G. copper wire weighing 
0-524 gm.? 

36. Compare the resistances of two wires, one of which 
weighs 20'5 gm. and is 4*5 metres long, while the other 
weighs 82 gm. and is 18 metres long. 
"^ 37. A trough 2 cm. deep and 2-5 cm. broad is cut in 
a wooden board. The trough is 2 metres long and is 
half filled with mercury : find the resistance between its 
ends. 

38. What length of platinum wire i nmi. in diameter 
is required in order to make a i-ohm resistance coil ? 

39. A wire m metres in length and ijnth of a milli- 
metre in diameter is found to have a resistance r : what 
is the specific resistance of the material of which it is 
made ? 

40. Find the resistance of an iron wire ABC which 
consists of two parts, the first (AB) being 60 cm. long 
and I mm. in diaifieter, and the second (BC) being 3 
metres long and i '6 mm. in diameter. 

41. The poles of a battery al-e connected by a wire 
whose resistance is equal to that of the battery, and the 
poles of a second exactly similar battery are 'connected 
by a wire of the same weight and material, but three 
times as long as the first. Compare the currents in the 
two cases. 

42. Find the length of an iron wire one-twentieth of 
an inch in diameter which will have the same resistance 
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as a copper wire one-stxdeth of an inch in diameter and 
720 yards long, the conducting power of copper being 
six times that of iron. 

43. Express in microhms (or millionths of an ohm) 
the resistance of a strip of silver 10 cm. long, 0-5 cm. 
broad, and o*i mm. thick. 

44. A wire made of platinoid (German-silver contain- 
ing a small percentage of tungsten) is found to have a 
resistance of 0*203 ohm per metre. The cross-section 
of the wire is o-oi6 sq. cm.: express the specific resist- 
ance of platinoid in microhms. 

45. The density of aluminium is 2-7: what is the 
resistance of an aluminium wire i metre long and weigh- 
ing I gm.? 

46. The central conductor oi the Bessbrook and 
Newry electrical tramway is made of steel having a 
specific resistance of 0*0000121 ohm, and costing 
£^'] \ I OS. per ton : high conductivity copper of 0*0000016 
ohm specific resistance would have cost £fi^ per ton. 
The cross-section of the steel conductor was 8*817 sq. 
cm. : calculate the cross-section of a copper conductor of 
the same resistance, and show that it would have cost 
half as much again as the steel conductor. 

The Tangrent Ghalvanometer. — A tangent galvan- 
ometer consists of a circular coil of wire placed with its 
plane in the magnetic meridian, and at the centre of 
which is suspended a small magnetic needle. 

The force exerted by a current flowing through the 
coil upon a magnet pole placed at (or very near to) its 
centre is directly proportional to the current -strength, 
the total length of the coil and the strength of the pole, 
and is inversely proportional to the square of the dis- 
tance between each element of the circuit and the pole. 
Let r be the radius of the coil, n the nuniber of turns, 
and m the pole-strength of the magnet : then if the 
current C is expressed in terms of the C.G.S. electro- 
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magnetic unit (as defined on p. 5), the force exerted 
upon each pole of the niagnet is equal to 2 7r«r x Qmjr^ 
= 2'n'nCm/r, 

' Suppose the needle to be deflected through an angle 8 
from the magnetic merid- 
ian NS (see Fig. 6) so as 
to lie along AB. It is 
acted upon by a deflecting 
couple due to the equal 
forces at A and B (along 
RA and TB respectively), 
and the arm of this couple 
is RT, which is equal to 
/cos S, / being the length 
AB of the needle. Thus 
the moment of the deflect- 
ing couple is 

2 Tc nQ,m X / cos hfr. 

The earth's field acts 
upon each pole with a 
force mY{y in the direc- ^^^- ^• 

tion of the arrows : the arm of this directive couple is 
PQ = / sin S, and its moment is ;«H x / sin S. 

For equilibrium these moments must be equal, or 




^irnCm J cos 5/r= wH./sin 5, 



and 



.•.C = 



2irn 



HtanS 



. (6) 



The quantity rH/2 7r«, by which the tangent of the 
deflection has to be multiplied in order to obtain the 
current-strength, may be called the reduction -f actor ^ of 
the galvanometer: but we shall use this term to denote 
the value of the quantity k in the equation C — k, tan S, 



" 1 The letter H Is the symbol usually adopted for representing the horizonr 
tal intensity of the earth's magnetic forces 
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where the current C is understood to be expressed in 
ampkres instead of C.G.S. units. 

47. A current of 0-85 ampere flows through a tan- 
gent galvanometer consisting of three turns of wire, each 
of 30 cm. diameter : what is the strength of the field due 
to the circular current at its centre ? If the value of H 
at the place is 0-17, through what angle will the needle 
be deflected ? 

The strength of the field produced by the current is measured 
by the force which would be experienced by a unit magnetic 
pole, and this by the preceding paragraph is 2 7rnC/r. 
Since an ampere is one-tenth of the C.G.S. unit of current, 
the required strength of field is 2ir x 3 x 0*085/15 = o* 1068. 

By equation (6) 

. 27rn C 2TX3 0-085 ^ o 

tana = . — = ^x ^ = 0-628. 

r H 15 0-17 

Referring to the table of tangents we see that since tan 
39° = 0*629, the angular deflection will be nearly 39°. 

48. The same current is sent through two concentric 
circular wires of i and 3 decimetres radius respectively, 
and a small magnet is suspended at their common 
centre. The currents flow in opposite directions : com- 
pare their joint effect upon each pole of the magnet with 
that produced by a single coil of 2 decimetres radius 
traversed by the same current. 

The force due to the coil of I dcm. radius is/=2irCw/io, 

and that due to the coil of 3 dcm. radius is/' = 2irC»//30. 

Their joint effect (since the forces act in opposite directions) is 

F=/-/ = 2irC//J---].=2irCwx-. 

I 10 30/ 30 

The force due to the coil of 2 dcm. radius is F' = 2irCw/20. 

Thus F:F' = ;^ : —=4: 3. 

Jo 20 ^ "^ 

(This is not the ratio of the deflections* If the deflections are $ 
and 5' respectively, then tan 5 : tan 5' = 4 : 3.] 



X] THE TANGENT GALVANOMETER 217 



49. Find the strength of a current which produces a 
deflection of 45 ** in a tangent galvanometer consisting of 
a single copper rod bent into a circle of 40 cm. diameter. 

[H = o.i7.] 

60. A current of 0-04 ampere flows through a circular 
coil of wire consisting of 3 turns, each 2 dcm. in dia- 
meter : what force will be exerted by the current upon a 
magnetic pole of strength i o placed at the centre of the 
coil? 

61. A battery is connected up in series with a. known 
resistance R and a tangent galvan- 
ometer of resistance G (Fig. 7). 
The deflection of the galvanometer 
needle is a : on increasing the known 
resistance to R' the deflection falls 
to a.' Show that the internal resist- 
ance of the battery is given by ^ 



H 



B 




the equation p.^ ^ 



_ R' tan a' - R tan a ^ 

B = ; Cjr. 

tan a - tan a 

62. Calculate the intiemal resistance of a Grove's cell 

from the following data, obtained by the method of Ex. 

50:— 

Resistance of Galvanometer = 0*1 02 ohm. 

(1) R =2 ohms, a =53^ 

(2) R' = 5 ohms, a' = 30**. 

63. What does the equation in Ex. 50 reduce to when 
the second deflection indicates a current of one-half the 
original strength ? 

A current from a battery of 4 Daniell cells was sent 
through a resistance-box and a tangent galvanometer of 
negligible resistance. With a resistance of 58 ohms a 
deflection of 55° was obtained, and when the resistance 
was increased to 131 ohms the deflection fell to 35^°. 
Find the resistance of the battery, given that tan 55° 
= 2tan35|^ 
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. 64. A Minotto cell gave the following results, accord- 

-ing to the method of Ex. 50 : — 

<i)R=37ohms, o=55^ 
(2) R'=i5i ohms, a' = 3SV' 
Resistance of Galvanometer = 36 ohms. 

What was the resistance of the ceil ? 

66. A deflectibn a is obtained with a tangent galvan- 
ometer G connected up as in Fig. 7 with a battery B and 
a known resistance R. When R is replaced by a wire 
of unknown resistance the galvanometer deflection is a' : 
show that the value of the unknown resistance is 
(tan a/tan a')(B + G + R) - (B + G). 

66. Two single concentric circles of wire are placed 
with their planes in the magnetic meridian, and a small 
magnet carrying a mirror is suspended at their common 
centre. The same current is sent through both circles 
successively, and the deflections of the spot of light are 
40 and 65 : find the ratio of the diameters of the circles. 

67. The terminals of a battery are connected by a wire 
10 ft. long; the wire is wrapped once round the frame 
of a tangent galvanonieter and a certain deflection is 
produced. The wire is now removed and replaced ' by 
another piece of the same wire 50 ft. long. It is found 
that this second wire has to be coiled three times 
round the galvanometer frame in order to produce the 
same deflection. Provfe that the resistance of the battery 
is equal to that of 10 feet of the wire. 

68. A tangent galvanometer has two coils, one a thick-, 
wire coil of resistance G, the other a thin-wire coil of 
resistance G', and the ratio of the reduction-factors (see 
p. 215) of the two coils is R: When the first coil is con- 
nected up through an unknown resistance with a battery 
of constant E.M.F. and negligible resistance, a deflection a 
is produced ; and when it is replaced by the second coil 
the deflection is a'. Prove that the unknown resistance is 
equal to (RG - R'G')/(R' - R), where R' = tan a'/tari a. : 

69. The battery used on a certain telegraph line has 
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a resistance equal to that of 30 miles of the line wire. 
The current is tested at a station 1 20 miles from the 
battery by a galvanometer wound with twenty turns of wire 
having the same resistance per metre as the line wire* 
Show that in order to obtain the samq deflection at a 
distance of 270 miles from the battery the number of 
turns of wire on the galvanometer would have to be 
doubled. (Neglect the resistance of the return circuit 
through earth, and assume that the coils of wire on the 
galvanometer have the same radius throughout.) 

eo. The current from a battery is sent through a 
tangent galvanometer, the reduction -factor (p. 215) of 
which is ky and it produces a deflection a : when an ad- 
ditional resistance r is introduced into the circuit the 
deflection falls to a'. Show that the E.M.F. of the 
battery is equal to kr . tan a . tan a'j (tan a - tan a'). 

61. The poles of a battery of negligible resistance are 
connected by a tangent galvanometer of resistance G 
and a wire of unknown resistance. A deflection a is 
produced : on increasing the resistance of the circuit by 
a known amount R, the deflection is diminished to ^. 
Show that the resistance of the wire is equal to 

R tan /8/(tan a - tan /9) - G. 

Eleotrolysis. — The weight of an element which is 
set free by electrolysis in one second by a current of 
unit strength is called the electro-chemical equivalent of 
that element. In giving the value of the electro-chemical 
equivalent of an element it is necessary to state whether 
the current strength is expressed in C.G.S. units or 
amperes. According to Lord Rayleigh's experiments a 
current of one ampere deposits O'OoiiiS gm. of silver, 
or 0.0003296 gm. of copper per second. 

The weight of an element which is set freie by a cur- 
rent of strength C in time i is given by the equation 

W = Cet .... (7) 
e denoting the electro-chemical equivalent of the element. 
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Electrolysis provides us with a convenient means of 
finding the reduction-factor (p. 215) of a tangent galvan- 
ometer. Connect up the galvanometer G, as in Fig. 8, 
with an electrolytic cell or voltameter V and a constant 

battery B consisting of one 
or more Daniell cells or 
accumulators. The volta- 
meter may consist of a pair 
of copper plates immersed 
in a beaker containing a 
saturated solution of copper 
sulphate : for more accurate 




[B 




Fig. 8. 



work a silver voltameter should be employed. Let W 
denote the weight of metal deposited in time / by a con- 
stant current C which produces a deflection a of the gal- 
vanometer needle. If k is the reduction-factor of the 
galvanometer, C = k , tan a : also, by equation (7), 

C = W/if /, 



and 



.•. ^.tana = W/^/, 
k = W/^/. tan a. 



62. How much copper will be deposited by a current 
of one ampere in an hour ? 

63. A current of 0.5 ampere is used for preparing 
pure silver by electrolysis : how long must the current 
be allowed to flow in order to obtain a deposit of 4 
grammes ? 

64. What is the strength of a current which deposits 
a milligramme of copper per minute ? 

G3. It is found that a current of i*868 ampere de- 
posits I •108 gm. of copper in half an hour : what value 
does this give for the electro -chemical equivalent of 
copper ? 

00, What is the strength of a current which deposits 
o*935 &"!• of copper in an hour and 10 minutes ? 

67. A Siemens Cg dynamo is capable of depositing 6 
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kilogrammes of copper per hour : what is the strength 
of the current produced by it ? 

68. A constant current was sent for half an hour 
through the thick coils of a Helmholtz galvanometer, 
producing a deflection of 40°, and also through a copper 
voltameter in which i'325 gm. of copper was deposited. 
What was the reduction-factor of the galvanometer ? 

69. Assuming the value of the electro -chemical 
equivalent of silver as given on p. 21 9, find how much 
water will be decomposed by a current of i ampere in 
an hour. [Atomic weight of silver = 1 08, of oxygen =16, 
of hydrogen = i.] 

Kirohoff's Laws. — I. In any branching network of 
wires, the algebraical sum of all the currents which .meet 
at a point is zero, or 

2;(C)=o. 

II. The electromotive force acting around any closed 
circuit is found by multiplying the resistance of each 
portion of the circuit into the current which flows through 
it, and adding together the products thus obtained, or 

2(E)=2(CR). 

Divided Oirouits and Shxints. — Suppose a circuit 
to divide as at A in Fig. 9, 
part of the current flowing 
through a conductor of re- 
sistance rand part through 
a conductor of resistance 
r^y reuniting at B ; then 
the two wires are said to 
be arranged in parallel or ~ p. 

in multiple arc, and the 
resistance of the divided circuit between A and B is 
equal to the product of the resistances of the two 
branches divided by their sum. 

For let e be the E.M.F. between A and B, c the cur- 
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rent through the branch r, and d the current through the 
branch /. By Ohm's law 

c-=ie\r^ and d ^ejr^ . . , (8) 

Now apply Kirchoff's first law to the point A. Let C 
be the current in the main circuit flowing towards A ; then 
c and (f flow away from A, 

or C=:c + d = e/r-{-e/r^. 

The equivalent resistance of the divided circuit is 

C e/r + e/r i/r+ifr r + r 

It is evident from the above equation (8). that the 
currents in the two branches are inversely proportional 
to their resistances. 

Also, by equation (9), 

^=CR = C.rr'/(r + ^), 
therefore the current in the branch r is 

and the current in the branch / is 

^ = ^/r=C.r/(r+r'). 

By similar reasoning it can easily be proved that the 
resistance of a multiple arc consisting of n conductors, 
each offering a resistance r^is R = r/n. 

When the termiiials of a galvanometer' are connected 
directly by a wire, or through a resistance-box, the gal- 
vanometer is said to be shunted^ and the connection is 
called 2i shunt. If C is the current in the main circuit, 
G the resistance of the galvanometer, and S that of the 
shunt, the current through the -shunted galvanometer is - 

■ - An —c 
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and -the current through the shunt is 



C.=C. 



G + S 



70. Eight incandescent lamps are arranged in four 

parallel groups of two each (as in Fig. 10) between two 

electric light leads. The difference of potential between 

the leads is 108 volts, and each lamp takes a current of 

1-2 ampere. What is the equivalent resistance between 

the leads ? 

■ ■ -. ■' • ' * 
Since the current through each of the foiir branches is i*2 

ampere, the resistance of each group (of two lamps' in .series) 

is 1 08/1 '2 = ^0 ohms, or the resistance per lamp is 45 

ohms. The joint resistance of th<B four groups in parallel 

is 90/4 = 22 • 5 ohms. (Here we assume that the resistance 

of the leads is very small, and'' that the lamps are. placed 

close together, so that the E.M.F. is constant.) ' 





m 

Fig. II. 



Fig. TO. 



71. Twp batteries of E.M.F.'s Ej and Eg, and resist- 
ances rj and r^^are arranged in parallel so that they, 
tend to send currents in the same di*"ection through an 
external resistance R (Fig. 11),^ .What is the strength 
of the current in the external circuit ? . 

Let C be tbie current through the external resistance, c^ the 
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current through the battery E^, and c^ the current through 
the battery E^. 
By Kirchoff*s second law, we have in the circuit EjCR 

^iri + CR = Ep 
and in the circuit EjCR 

^jr2 + CR = E2. 
By Kirchoff*s first law C=^i + <r2> 

. •. C = (El - CR)/ri + (Ej - CK)/r^ 

CrjT^ ^ E^rj + EjTi - C (r^R + r^R), 

and C = (E^rg + l^^^l{r^r^ + r^R + r^R). 

72. A I -ohm coil is tested and found to have a re- 
sistance of I -004 ohm. What length of platinoid wire 
having a resistance of i6f ohms per metre must be 
wound in multiple arc between the terminals in order to 
make it a correct ohm ? 

If X is the required resistance of the platinoid wire, we have, 
by equation (9), 

1 = 1 -004 jf /( I -004 + j:), 

.*. i*004 + .r=i'O04Jr, 

or I •004 = 0*004:1?, and x=-2$u 

The shunt wire must therefore have a resistance of 251 
ohms, and the required length is 251x3/50=15*06 
metres. 

73. A uniform wire is bent into the form of a square : 
find the resistance between two opposite comers in terms 
of the resistance of one of the sides. 

74. What is the resistance between the extremities of 
one of the sides in the preceding example ? 

76. Twelve incandescent lamps are arranged in par- 
allel between two electric light leads. The difference of 
potential between the leads is 99 volts, and each lamp 
takes a current of 0*75 ampere : what is th& equivalent 
resistance between the leads ? 

76. A divided circuit consists of two wires of the 
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same material whose lengths are / and /, and cross- 
sections s and s' respectively : compare the currents in 
the two wires. 

77. The resistance of a circuit, including that of the 
battery, is 18 ohms. What change will be produced in 
the current through the battery if two points of the cir- 
cuit, between which the resistance is 12 ohms, are con- 
nected by a wire of 4 ohms resistance ? 

78. A standard coil having a resistance of one legal 
ohm is connected in multiple arc with a resistance-box, 
and you are required to take plugs out of the box until 
the joint resistance of the two is exactly equal to a B.A. 
unit (see p. 6). A legal ohm is equal to i-oii2 B.A. 
units : how much resistance must be taken out ? 

79. Three wires whose resistance are r^, r^ and r^ re- 
spectively are connected in multiple arc : prove that the 

resistance of the multiple arc is ^i^^J{^i^2 + 'Vs + '"s^i)* 

80. Two points A and B are connected by three 
wires whose resistances are i , 3 and 6 ohms respectively : 
find the total current which passes through the multiple 
arc when the difference of potential between A and B 
is 3 volts. 

81. A divided circuit consists of two equal and simi- 
lar wires : what alteration will be produced in its resist- 
ance by making the wires touch so that a point one- 
quarter the length from an end of the one wire is in 
contact with a point three-quarters the length from the 
corresponding end of the other wire ? 

82. An equilateral triangle, one foot in the side, is 
made of wire of uniform material but of unequal thick- 
ness ; the base being made of wire o-8 mm. thick, and 
the sides being i*o mm. and 1*2 mm. respectively -.find 
the resistance between the two extremities of the base, 
taking the resistance of an inch of the base wire as 
unity. , 

83. A skeleton cube is made up of twelve uniform 
wires : prove that the resistance between diagonally 

Q 
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opposite comers of the cube is equal to five-sixths of the 
resistance of one of the wires. 

84. A tangent galvanometer of lo ohms resistance is 
shunted by a shunt of resistance 0*64 ohm. A steady 
current is passed for an hour through the shunted g^al. 
vanometer, and also through a silver voltameter in which 
0*532 gm. of silver is deposited, the deflection of the 
galvanometer being 52". Express the strength of the 
current in amperes, and calculate the reduction factor of 
the galvanometer. 

If C be the strength of the current, then, by the equation 
W = C ^/, we have 

0*532 = C xo<ooiii8 X 3600 = C X 4*025, 

.♦. C = 0'532/4»025=rO'i32i ampere. 

The current passing through the galvanometer is 

C^ = CxS/(G + S), 

where S is the resistance of the shunt, and G that of the 
galvanometer. But if ^ be the required reduction-factor, 
we have also 

C^ = k . tan d, 

and .-. >& = C^/tan5 = C. S/(G + S)tana, 

= 0'i32i xo*64/io-64x i*28 = o*oo62i. 

86. A battery B of low resistance is joined up in 

circuit with a resistance-box R and 
a shunted galvanometer as in Fig. 
1 2. After noting the deflection the 
shunt is removed, and it is found 
that the resistance R has to be in- 
creased to a higher value R' in order 
to reduce the galvanometer defiec- 
Fig. xa. tion to its original value. Prove 

that, if the internal resistance of 
the battery be neglected, the resistance of the galvan- 
ometer is equal to S(R' - R)/R. 

86. A battery of resistance B is connected up with a 
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galvanometer of resistance G. The galvanometer is then 
shunted by a wire of resistance S. Compare the currents 
produced by the battery in the two cases, and show that 
a compensating resistance equal to G2/(G + S) must be 
introduced into the circuit if it is required to keep the 
current unaltered on shunting the galvanometer. 

87. What shunt is required to reduce to one-hun- 
dredth the sensitiveness of a galvanometer of 396 ohms 
resistance ? 

88. A galvanometer of 45 ohms resistance is shunted 
by a shunt of 5 ohms. Find the resistance of the 
shunted galvanometer and the current which flows 
through it when a difference of potential of 22*5 volts is 
maintained between its terminals. 

89. A battery of 20 ohms resistance is joined up in 
circuit with a galvanometer of 10 ohms resistance. The 
galvanometer is then shunted by a wire of the same re- 
sistance as its own : compare the currents produced by 
the battery in the two cases. 

00. In the preceding example determine the ratio be- 
tween the currents which flow through the galvanometer 
before and after it is shunted. 

91. In measuring the resistance of a battery by 
Thomson's method, it is joined up 
in circuit with a galvanometer G and 
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a resistance-box R as shown in Fig, 

13, the battery itself being shunted 

by a wire of resistance S. On 

removing the shunt a larger current 

passes through the galvanometer; 

but by increasing the resistance R 

to some higher value R' the same 

deflection can be obtained. Prove that the resistance 

of the battery is given by the equation 

B = S(R'-R)/(R + G). 
92. It is found that on shunting a certain galvan- 
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©meter the current through it is reduced to one-half, 
while the battery current is doubled : show that the re- 
sistance of the galvanometer is double that of the battery, 
and three times that of the shunt. 

03. The like poles of three 
cells are connected in mul- 
tiple arc (Fig. 14) by wires 
of inappreciable resistance, so 
that their E.M.F.'s all act 
towards the same point B. 
Prove that the currents through 
the several branches are given 




Fig. 14. 

by equations of the form 






f£lZl£l, etc., 



where e^, e^y and e^ are the E.M.F.'s of the three cells, and 
^v ^2* ^3^^^ resistances of the three branches respectively. 

[Apply KirchofTs laws. Some definite directions — say those 
indicated in the figure — must be assumed for the currents, 
but it is evident that all three currents cannot really flow 
from A to B.] 

04. Two equal cells when connected in series with 
a given wire produce a current of 0*28 ampere; when 
connected in multiple arc through the same wire the 
current produced is o»2 ampere. Prove that the resist- 
ance of the wire is three times that of either cell. 

06. Two equal cells are connected (i) in series, (2) 
in parallel, the external resistance in both cases being 
the same. The currents produced are in the ra,tio of 4 to 
3 : prove that the resistance of the wire is two and a 
balf times that of either cell. 

06. You are provided with a delicate galvanometer 
of 48 ohms resistance, and are required to measure by 
means of it a current, the strength of which is supposed 
to be 2*5 amperes : if the largest current that can safely 
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be sent through the galvanometer is ci ampere, what 
resistance would you supply as a shunt ? 

If the deflection of the shunted galvanometer in- 
dicates a current of 0'085 ampere, what is the current 
in the main circuit ? 

07. If the points A and B in Fig. 14 are connected 
by a wire of resistance R, what currents will flow through 
the wire and through each of the cells ? 

08. You are required to replace the two cells in Ex. 
71 (Fig. 11) by a single battery, which will send the 
same current through the external resistance R. Prove 
that this battery must have an E.M.F. equal to 

(^1^2 "*■ ^2'i)/(''i "*■ ^2)* *^^ ^^^^ ^*^ internal resistance must 
be r^rj{r^ + r^). 

Arrangement of Cells for Maximnm Current. — When the 
internal resistance of the cells of a battery is so small that it 
can be neglected in comparison with the external resistance of 
the circuit, the current produced is approximately proportional to 
the number of cells employed. But if the external resistance 
is small compared with that of a single cell, the current is only 
slightly increased by adding on cells in series : for although 
every additional cell increases the E.M.F.,it also increases the 
resistance in nearly the same proportion. A stronger current 
can be obtained by arranging the cells either partly or wholly 
in parallel (as in Fig. ii), so as to diminish the internal re- 
sistance. 

When the external resistance and the number of cells are 
given, the maximum current is obtained by grouping the cells 
in such a way that /^ internal resistance of the battery is (or 
nearly as possible) equal to the external resistance of the circuit. 

For let R be the external resistance, N the number of cells, 
^ the E.M.F. and r the resistance of each cell. Suppose the 
cells to be arranged in m rows, each row consisting of n cells 
in series, then 

»* X « = N . . . . (^) 

The E.M.F. of the battery is the same as that of each row, 
and is equal to ne. Each row consisting of n cells has a resist- 
ance nr : the equivalent resistance of the m rows arranged in 
parallel is nr\m. 
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Thus, by Ohm's law, the current produced is 

ne e 



C = 



nr ^ r V: 
— +R -+- 
m m n 



Now e is constant, and therefore C is a maximum ivhen 
r/w + R/« is a minimum. Observe also that the product rK/tMn 
is constant, because r and R are given, and mn is a constant, 
being equal to the total number of cells. But if the product of 
two factors is constant it can be shown that their sum is a 
minimum when they are equal to one another. 

Thus \i pq is constant, / + ^ is a minimum when p — q. For 
p + g={'^p- \Jq)^ + 2^Jpq^ and, since the last term is con- 
stant, / + ^ is a minimum when (\^- V^)' is a minimum. 
Now the minimum value of a square is zero : hence/ + ^ is a 
minimum when \/p- ^Jq = Of t.e, when/ = ^. 

If then we wish to give C its maximum value we must make 

— = — » or — = R . . . . (fi) 
m n m ' 

But nrjm is the internal resistance, and R is the external re- 
sistance, so that the maximum current is obtained when the 
resistance of the battery is made equal to that of the external 
circuit. 

00. What is the best way of arranging a battery of 
1 8 cells, each having a resistance of i>8 ohm, so as to 
send the largest current through an external resistance 
of I ohm ? 

By equation (a)^ 

m X «= i8, 

and by the condition for maximum current [equation (^)], 

i*8»/m=i. 

Thus »'= lo, and the nearest integer to Vio is 3. It follows 
that f«= 18/3 = 6, and that the cells must be arranged in 
6 rows of 3 each. 

100. The current from a battery of 4 equal cells is sent 
through a tangent galvanometer, the resistance of which, 
together with the attached wires, is exactly equal to that 
of a single cell Show that the galvanometer deflection 
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will be the same whether the cells are arranged all 
abreast or all in series. What is the best arrangement 
that could be adopted, and what would be the corre- 
sponding deflection ? 

101. You are supplied with 1 2 exactly similar cells, the 
internal resistance of each of which is one-fourth of the 
external resistance of the circuit : how would you group 
the cells so as to obtain the maximum current ? 

102. How would you arrange a battery of 12 cells, 
each of o*6 ohm internal resistance, so as to send the 
strongest current through an electromagnet of resistance 
0-7 ohm? 

103. You have a battery of 48 Daniell cells, each of 
6 ohms internal resistance, and are required to send the 
largest possible current through an external resistance 
of 1 5 ohms : how would you group the cells ? Find also 
the current produced and the diffeirence of potential be- 
tween the poles of the battery, assuming that the E.M.F. 
of a Daniell cell is i .07 volt 

104. If there are 18 cells in a battery, each of re- 
sistance 1*5 ohm, how can they best be arranged so as 
to send a strong current through an external circuit of 
3«5 ohms resistance? 

Power and Heatingr Effect of a Current. — Sup- 
pose a current C to flow through a portion of a circuit, 
the ends of which are at a difference of potential E. 
The total quantity of electricity which passes any point 
in the circuit during a time / is Q = C/. The work 
done by the current during the same time is measured 
by the product of the quantity of electricity thus trans- 
ferred into the difference of potential (p. 5), or 

W = QE = CE/. . . . (10) 

The power or activity of the current is measured by 
its rate of doing work, i,e, 

P = QE//=CE . . . (II) 
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If C and £ are expressed in C.G.S. units the above 
equations give the work in ergs and the power in er^s 
per second. Since the ampere = io~i C.G.S. units of 
current, and the volt =10^ C.G.S. units of E.M.F., a 
current of one ampere flowing through a difference 
of potential of one volt does work at the rate of 
iQ-^x 10® =10^ ergs per second. This is adopted as 
the practical unit of power, and is called a Watt. Thus 
the rate at which work is done in a circuit is measured 
in watts by the product of the current in amperes into 
the E.M.F. in volts. We have already shown (p. 14) 
that a horse-power is approximately equal to 746 watts. 

If the portion of the circuit under consideration con- 
tains no other source of E.M.F. besides that which pro- 
duces the current, it follows from Ohm's law that the 
above equations may be written in the form 

W = C2R/ .... (12) 
and P = C2R . . . . (13) 

On the other hand, if a voltameter, or an electro- 
motor in motion, is included in the circuit, the current 
is diminished by an amount corresponding to the counter 
electromotive force thus set up, and Ohm's law cannot 
be applied; but in all cases CE/ measures the work 
done, and CE the power. 

When a current flows through a metallic conductor 
without doing any work beyond overcoming the resist- 
ance of the conductor, its energy is entirely converted 
into heat, which goes to raise the temperature of the con- 
ductor. If H is the amount of heat thus produced, its 
equivalent in ergs is JH, and therefore by equation (12) 

. JH = C2R^ .... (14) 

This equation expresses what is known as Joules, 
law. Here again we have supposed that current and 
resistance are both expressed in C.G.S. units. If C is 
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expressed in amperes, its equivalent in C.G.S. units is 
C X lo-i; ind if R is expressed in ohms its equivalent 
in C.G.S, units is Rx lo*. The numerical value of J 
(Joule's equivalent ;. see p. 140) is 4.2x10"^: thus the 
amount of heat generated in time / by a current of C 
amp^s flowing through a resistance of R ohms is 

H =(C X 10-1)2 X (R X io»y/4.2 X lo'^, 
or H = C2R//4.2 • . . (15) 

106. The output of a dynamo is fi^quently expressed 
in *^ units" of 1000 watts each: thus a "four -unit" 
machine produces 4000 watts. How many i6-candle- 
power lamps, each requiring 3-5 watts per candle, can 
be run by such a dynamo ? If the lamps used are 50- 
volt lamps, what current does each take ? 

Each lamp abs(M:bs 16 x 3*5 = 56 watts, and if n is the re- 
quired number of lamps, 56^^ = 4000, and if =71*4. If 
7 1 lamps are used, and the d3mamo is run at its normal 
speed, the lamps will be somewhat too bright : if 72 are 
used, they will be somewhat dull. 
The number of watts absorbed by each lamp is equal to the 
product of the current in amperes into the E.M.F. in volts. 
If C is the cunrent taken by each lamp, 

0x50 = 56, 
and C = 56/50 = I '02 ampere. 

106. The poles of a battery, of internal resistance B, 
are connected successively by two wires, whose resistances 
are R^ and Rg respectively : if B is a mean proportional 
between R^ and R^ show that the quantities of heat de- 
veloped- in equal times in each of the two wires are the 
same. 

Let E denote the E.M.F. of the battery. The currents 
produced in the first and second cases respectively are 

Cj = E/(B + Ri), and Cg = E/(B + RJ. 

The quantity of heat developed in time / in the wire of re- 
sistance Rj is 
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H,= i.c.«v=j(B|R;)*V. 

Substituting for B its value VR^Ri* ^^^ &^^ 



J RjRa + 2R1VR1R, + Ri* J Ri + 2VRiRa + R, 
Since this expression is symmetrical with respect to R^ and 
R9 it is clear that it also represents the heat developed in 
the same time in the wire R^ 

107. The current from a single secondary cell was 
sent through the thick coils of a Helmholtz galvan- 
ometer, and also through a coil of wire of i ohm 
resistance immersed in 100 grammes of water. In 40 
minutes a rise in temperature of is'^S was produced, 
and the mean deflection of the galvanometer needle 
was 32**. Calculate the strength of the current, and 
the reduction-factor of the galvanometer. 

The amount of heat produced is H=iooxi5«8. The 
resistance of the coil is 10^ C.G.S. units, and, according 
to equation (14), p. 232, the value of the current is given 
by the equation 

(4-2 X 10') X 100 X 15-8 = C*x 10^x40x60, 
.*. C* = 4»2 X 1 5'8/2400 = 0*02765, 
and C = 0'i663. 

Thus the current strength is o«i663 C.G.S. unit or 1*66^ 

ampere. 
The reduction -factor (k) is defined by the relation C = 

k, tan df and since tan 32*' = 0'625, we have 

>& = C/ tan 5 = 1 .663/o«625 = 2«66i. 

[This is the factor for reducing readings to amp^es ; if the 
current is required in C.G.S. units the corresponding reduc- 
tion factor will be 0*266 1.] 

108. Compare the amounts of power required to send 
a current of constant strength through two wires of re- 
sistances ri and r^ (i) when they are arranged in 
series, and (2) when they are arranged in parallel. 
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100. If, instead of a constant current, a constant 
E.M.F. were used in the preceding problem, what 
would be the ratio between the amounts of power ab- 
sorbed in the two cases ? 

110. What horse-power is required to maintain a 
current of 4 amperes through a resistance of 37*3 ohms ? 

111. An arc lamp takes a current of 9*75 amperes, 
and the E.M.F. between its terminals is 50 volts : what 
power does it absorb ? 

112. In the Provisional Orders of the Board of Trade 
the unit of electrical supply is defined as 1000 amperes 

flowing for one hour under a pressure of one volt. Prove 
that this is equal to i '34 horse-power working for one hour. 

113. A house is lit by 23 Bernstein lamps of 20 candle- 
power, each lamp taking a current of 10 amperes, and re- 
quiring an E.M.F. of 10 volts. The total length of the 
conducting wires is 440 yards, and they are made of No. 
12 B.W.G. copper wire having a resistance of 4*6 ohms 
per mile. Show that the amount of energy lost in the 
conductors is one-twentieth of that used in the lamps. 

114. The poles of two batteries, each consisting of 
10 cells, are connected by thick copper wires of inap- 
preciable resistance ; the plates of the one battery are 
three times as large as the plates in the other, but the 
cells are similar in all other respects. Compare the in- 
tensities of the currents, and the amounts of heat gene- 
rated in the same time in the two batteries. 

116. A current of 1-4 ampere is allowed to flow for 
half an hour through a coil of wire of 5 ohms resistance 
immersed in 250 grammes of water. What elevation 
of temperature will be produced by it ? 

116. An incandescent lamp of 16 candle-power takes 
a current of 0.75 ampere with a difference of potential 
of 50 volts between its terminals : find the number of 
watts per candle-power absorbed by the lamp, and the 
amount of heat generated in it in an hour. 

117. In order to determine the strength of a current 
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it was made to pass through a coil of wire of 5 ohms 
resistance placed in a calorimeter: a steady streaxn of 
water was kept flowing through the calorimeter at the 
rate of 1 5 c.c. per minute, and the heating effect of the 
current was such that the water was 4'' warmer on leav- 
ing the calorimeter than it was on entering. Find the 
strength of the current. 

118. The amount of heat generated per second by a 
current of c amperes in a copper wire i metre long and 
d millimetres in diameter is given by the •equation 
H = ^ . {cjdf^. Calculate the value of the constant {k) 
in this equation, taking the specific resistance of copper 
in C.G.S. units to be 1600. 

110. When a current divides between two wires 
arranged in multiple arc, the current in each branch is 
inversely proportional to its resistance (p. 222) : prove 
that the total amount of heat generated in the two wires 
is less than it would be if the current were to divide 
between them in any other proportion. 

Efficiency of Dynamos and Motors. — In the 
following examples the term efficiency will be used to 
denote the efficiency of conversion^ which is the ratio be- 
tween the electrical power developed and the horse-power 
required to drive the dynamo. A portion of the power 
developed in the circuit of a dynamo is always absorbed 
in overcoming the resistance of the dynamo itself; and 
the ratio of the power developed in the external circuit 
to the total power is sometimes called the electrical 
efficiency of the system. This is equal to R/(R + r), 
where r is the resistance of the dynamo and R that oif 
the external circuit (supposing the latter to contain no 
opposing E.M.F.) What we have called the efficiency 
(1.^. the efficiency of conversion) depends upon the con- 
struction of the dynamo itself, whereas the electrical 
efficiency depends not only upon the internal resistance 
of the dynamo but also upon that of the external circuit 
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It is therefore clear that we should distinguish between 
the £ross and neU efficiency of conversion. The gross 
efficiency is the ratio of the total electrical horse-power 
to the horse-power required to drive the dynamo : the 
nett efficiency is the ratio between the electrical horse* 
power in the external circuit and the horse-power ab- 
sorbed by the dynamo. This latter quantity measures 
the economy of the system as a whole, and is commonly 
called the commerctai efficiency. 

The efficiency of a motor is the ratio between the 
horse-power developed by the motor and the electrical 
horse-power absorbed by it. 

120. Find the useful commercial efficiency of an 
Edison No. 5 dynamo from the following tests made at 
the Franklin Institute (Philadelphia): — 

E. M. F. at terminals of dynamo . . 125*2 volts. 

Current in external circuit . . . 100*9 amperes. 

Resistance of external circuit . . 1*241 ohm. 

Power applied 18*89 H. -P. 

. The power developed in the external circuit is CE= 100*9 ^ 

125*2=12633 watts, or 12633/746=16*94 H.-P. 
[The power can also be calculated from the given current and 
resistance : this gives the same result, for C^R = (100*9)^ 
X 1*241 = 12634 watts.] 

The commercial efficiency is 16*94/18*89 = 0*8968, or $9*68 
per cent. 

121. A Weston No. 7 M dynamo tested at the Frank- 
lin Institute was found to give a current of 123*6 amperes 
through an external resistance of 1*224 ohm, the poten- 
tial difference at the terminals of the dynamo being 
151*2 volts. The power absorbed was 28 H.-P.; show 
that the commercial efficiency of the dynamo was 89*5 
percent. 

' 122. A petroleum engine delivering 7 H*-P. was 
coupled up with a dynamo used for charging secondary 
batteries. The average current was 77 amperes, with 
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an E.M.F. of 58 vdts : find the electrical horse-power 
and the efficiency of the dynamo. 

123. A dynamo driven by a gas-engine of 2 H.-P. 
(actual) is used for supplying a current to a circuit 
whose resistance (including that of the dynamo) is 3*357 
ohms. Show that if the efficiency of the dynamo is 90 
per cent, it will produce a current of 20 amperes. . - 

124. The total weight of a tram-car driven by an 
electromotor (including the weight of the passeng^ers) is 
5 tons. The current for the motor is derived from a 
battery of accumulators, the average E.M.F. of which is 
1 10 volts during the discharge. Assuming the motor to 
have an efficiency of 70 per cent, find the rate at which 
the car will run on the level when the discharge current 
is 18*65 amperes, the resistances due to friction, etc, 
being at the rate of 28 lbs. per ton. 

The power developed by the motor is 18*65 x iioxo«7 watts, 
which is equivalent to 1 8*65 x 1 10 x 0*7/746 H.-P. Thus 
the motor does work at the rate of i8'65xiioxo»7x 
550/746 foot-pounds per second. Suppose that it gives 
the car a velocity of x feet per second : the work done by 
it per second will be 5 x 28 x ^ ft. -lbs. 

Equating these two expressions, we have 

jf= 18*65 X 110x0*7/746 X 5 X 28 = 7*563. 
Thus the car will run at the rate of 7*563 ft. per sec., or 
5*16 miles per hour. 

125. Two trials of an Immisch motor gave the fol- 
lowing results : — 

Exp. I. Exp. II. 

Current . . 31*5 amperes. 31 amperes. 

E.M.F. . .134 volts. 147 volts. 

Power developed 4.7 H.-P. 5*2 H.-P. 

Show that the mean efficiency of the motor was 0*84. 

126. A smaller motor of the same kind was tested 
with a current of 25*5 amperes and an E.M.F. of 40 volts, 
and was found to develop 0*98 H.-P. Show that its 
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efficiency was 0.72, and that the electrical horse-power 
absorbed by it was i'37. 

127. The following results were obtained with an 
Ayrton and Perry motor, running at 2240 revolutions per 

minute : — 

Current = 33 amperes. 
E.M.F. = 32.5 volts. 
Brake horse-power = 0*4586. 

What was the efficiency of the motor ? 

128. An electromotor which is required to develop 2 
H.-P. is to be introduced into an arc lighting circuit 
traversed by a constant current of 1 5 amperes. Assum- 
ing the motor to have an efficiency of 80 per cent, show 
that the power absorbed by it will be 1865 watts, and 
that the E.M.F. at its terminals will be 124.3 volts. 



EXAMINATION QUESTIONS. 

129. Explain the terms current, electromotive force, 
and resistance. 

What is the current in a circuit which consists of a 
battery of 10 similar cells arranged in series and a wire 
of 24 ohms resistance ? [Each of the cells has an 
electromotive force of 1*8 volt, and an internal resistance 
of *3 of an ohm.] Matric. 1888. 

180. Explain the meaning of the term << electrical 
resistance," and point out the physical laws upon which 
the scientific value of the term depends. 

The difference of potential between the terminals of a 
voltaic cell when the circuit is not closed is 2 volts. 
When it is closed through an external resistance of 2*4 
ohms, this difference of potential is reduced to 1*5 volt. 
Calculate the internal resistance of the cell. 

Oxford (PreL Sc.) 1888. 
[See Ex. 2, p. 206. The resistance of the cell is 0*8 ohm.] 

131. The resistance of a mile of telegraph wire, whose 
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diameter is o*2 inch, is 8*96 ohms. What must be 
the thickness of a wire of which 350 yards shall have 
2 ohms resistance ? Camb. b. a. iSSi. 

132. If the conductivity of copper is to that of 
aluminium as 2*3 : i, and their specific gravities as 3-3:1, 
show what would be the ratio of the weights of wires of 
these metals, which, for the same length, offered the 
same resistance. ind. c s. 1882. 

133. Define the resistance of a conductor, and de- 
scribe some method of measuring it. The resistance of 
a column of mercury 106 cm. in length and i sq. mm. 
in section at 0° C. being defined as i ohm, find the 
resistance of a column 2 metres long ^id 2*5 sq. mm. in 
section at a temperature of 15° C. Mercury increases 
in resistance by '085 per cent per i** C. 

Int. Sc. Honours 1887. 

134. Three galvanic cells, A^ B, C, whose respective 
electromotive forces and resistances are as follows, 
namely — 

ABC 

Electromotive force . 1*07 i»54 1*9 volt 
Resistance . . . '^^ 2*3 •! ohm 

are connected in series, and the circuit is completed by 
a wire of resistance 5 '9. Determine the strength of the 
current produced. If the cell B were removed and 
replaced in the circuit, with its terminals inverted, what 
would be the strength of the current ? int. Sa 1885. 

135. Explain Ohm's law as applied to a restricted 
portion of a circuit. The difference of potential between 
the poles of a battery (of 1.2 ohms internal resistance) 
is 6 volts when the poles are insulated, and 4*5 volts 
when they are joined by a wire : what is the resistance 
of the wire ? int. Sc. i886. , 

[See Ex. 2, The resistance of the wire is 3*6 ohms.] 

136. A battery of 4 ohms internal resistance is send- 
ing a current through an external resistance of 6. ohms. 
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The terminals of the battery are connected to the elec- 
trodes of a reflecting electrometer, and the deflection on 
the scale is 100 divisions. What will the deflection be, 
when, everything else remaining the same, the external 
circuit is broken ? int. Sc. z886. 

137. Describe some form of Thomson's Quadrant 
Electrometer. 

The two poles of a battery are connected to the elec- 
trodes of a quadrant electrometer, and readings taken 
(i) when there is no circuit, (2) when the circuit is com- 
pleted by a wire of 6 ohms resistance. The mean read- 
ings in the two cases being 200 and 147 respectively, 
determine the resistance of the battery. Prei. Sc. 1888. 

138. A battery of DanielPs cells, arranged two abreast, 
is required to maintain a current of 3 amperes through an 
external resistance of 2 ohms. How many cells will be 
required, the E.M.F. of each being i'2 volt, and the 
internal resistance of each 0*4 ohm ? Prei. Sc. 1887. 

130. A battery is connected by short thick wires to a 
galvanometer, and the deflection noted. The galvan- 
ometer is then shunted with one-third of its own resistance, 
and on connecting again with the battery the current 
through the galvanometer is observed to have half its 
former value. Show that the resistance of the battery 
is half that of the galvanometer. N. s. Tripos. 1886. 

140. The resistance of a shunted galvanometer is 8 5 
ohms, that of the shunt being 1 00 ohms. A certain de- 
flection of the galvanometer needle is obtained when the 
resistance in the rest of the circuit is 2000 ohms. 
Find what additional resistance must be inserted that the 
galvanometer deflection may remain the same when the 
shunt is removed. B. Sc. z887- 

141. Define the magnetic moment of a magnet, and 
state the laws which express the direction and magnitude 
of the force exerted by an electric current passing along 
a circular wire upon a magnetic pole at the centre of the 
circle. 

R 
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A battery-cell of constant electromotive force and negli- 
gible resistance is connected up with two galvanometers 
A and B, arranged first in series and secondly in multiple 
arc. In the first case the deflection of ^ is 25 and that 
of B 46 ; and in the second case that of A is 43. Find 
the deflection of B, and compare the constants and re- 
sistances of the two galvanometers, assuming that the 
currents in each case are proportional to the deflections. 

N. S. Tripos. X884. 

142. Describe the action of an electric current on a 
magnet, and explain how it is made use of in a galvan- 
ometer. 

There are 25 turns of wire in a galvanometer coil, the 
mean radius of which is 150 cm. Assuming the value 
of H to be o* 1 8, find the current which will deflect a 
magnet placed at the centre of the coil 45°. If the 
resistance of the circuit, including the battery, be 3 ohms, 
find the electromotive force required to produce the 
current. int. Sc 1886. 

[See p. 214. The current is equal to 0'i72 C.G.S. unit or i«72 
ampere, and the required E.M.F. is 172 x 3 = 5* 16 volts.] 

143. What is meant by the reduction factor of a 
galvanometer ? 

A sine galvanometer consists of a single coil of 49 
turns of wire, the mean radius of which is 20 cm. A 
current of 'oS ampere causes such a deflection that the 
coil has to be turned through 45° degrees to bring the 
needle to its original position with regard to the coiL 
Determine the reduction factor of the galvanometer, and 
the horizontal component of the earth's magnetic intensity. 

Int. Sc. Honours 1887. 

144. The terminals of a galvanometer (resistance =: G) 
are connected with a cell (E.M.F. = Ej) and resistance 
Rj, and at the same time with another cell (E.M.F.= Eo) 
and resistance Rg* Determine the current through the 
galvanometer in terms of the data, and show that by 
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suitably adjusting the resistances Rj and Rg a comparison 
of the electromotive forces of the cells may be made. 

Int Sc. Honours 1885. 

146. State the laws of electrolysis. 

A copper voltameter and an acidulated water volta- 
meter are inserted in the same voltaic circuit ; and it is 
found that i'5 gramme of hydrogen is given off while 
47-625 granunes of copper are deposited on the copper 
cathode. Calculate the atomic weight of copper. 

[Copper is divalent.] Oxford (Prel. Sc.) 1887. 

146. Describe a series of experiments to prove Ohm's 
law. A current passes from A to D through a circuit 
composed as follows : Between A and ^ is a resistance 
of I ohm, between B and D an unknown small resist- 
ance ; A is joined to C by a resistance of 2 ohms, and 
^ to C by one of 99 ohms. The terminals of an electro- 
meter (or of a high-resistance galvanometer) are joined 
alternately to A and C and to £ and D, and the deflec- 
tions are the same in the two cases. Find the value of 
the unknown small resistance. B. Sc. 1886. 



Between A and B there is a divided circuit, one branch of which 
(AB) has a resistance of I ohm, while the other branch 
(ACB) has a resistance of loi ohms. If C is the total 
current, then the current through ACB is C/102, and the 
potential difference between the points A and C is, by 
Ohm*s law, equal to 2 x C/i02 = C/5i. The potential 
n difference between the points B and D is equal to Cr, where 

it ris the unknown small resistance. Since they are equal, 

c it follows that the value of the unknown resistance is -gi 

ohm. 



147. Two points, A and £, are connected by three 
wires, APB, AQB, AjRB, whose resistances are i, 
2, and 3 ohms respectively, and A is also joined to B, 
the middle point of ARB^ by a wire ASR of 2 ohms 
resistance. How much of the total current flowing from 
A to B passes through each of the two branches between 
A and Rl B. Sc. 1887. 
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148. A battery is connected in circuit with one coil 
of a differential galvanometer, shunted by a wire of 
resistance S, and the deflection of the needle observed. 
The battery is then connected with both coils of the 
galvanometer in series, shunted by a wire of resistance 
2S, and resistance is introduced into the circuit until the 
galvanometer indication is the same as before. Show 
how the internal resistance of the battery may be ob- 
tained from these two observations. B. Sc. Honours 1885. 

The proportion of the total current which passes through 
the shunted galvanometer is the same — S/(G x S) — in 
both cases, if the resistance of the two coils is the satne. 
Assuming further that with the same current the two coils 
produce the same effect on the needle, it follows that the 
current through the galvanometer in the first experiment is 
twice as strong as in the second. From this it can easily 
be proved that the internal resistance of the battery is 
equal to the additional resistance introduced into the 
circuit. 

140. What measurements would you make to test 
Ohm's law? A battery of E.M.F. 10 volts is working 
in a circuit whose resistance is 100 ohms. How much 
work is done by the battery in an hour ? How is the 
energy required for this work produced, and what 
becomes of it ? Prei. Sc. x888. 

160. State Joule's law of the heat developed in wires 
by electric currents. 

A current is passed through a coil of fine wire of 
5 ohms resistance, immersed in a vessel containing 100 
grammes of water, and the same current also passes 
through a coil of 4 ohms resistance, immersed in a vessel 
containing 100 grammes of alcohol. The water rises 2° 
while the alcohol rises 2*5 ° in the same time. Find the 
specific heat of alcohol on the assumption that the heat 
absorbed by the vessels may be neglected, and the cur- 
rent in both cases merely passes through the wire, and 
not through the liquids. Vict. int. 1885. 
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161. A current passes through two wires arranged in 
parallel arc. The first wire is of platinum, 1 5 cm. long 
and I mm. in diameter ; the second of German>silver, 
20 cm. long and 0*5 mm. in diameter. Compare the 
quantities of heat developed in the wires in a given 
time, the relative conductivities of platinum and German- 
silver being 70 and 33, Prei. Sc. z886. 

162. The resistance of a copper wire, through which 
an electric current of unknown strength is flowing, is 3.2 
ohms, and the difference of potential between its ex- 
tremities is 2<5 volts. If this wire be immersed in 120 
grammes of water, determine the temperature through 
which the water will be raised in five minutes, assum- 
ing that the water absorbs all the heat generated. 

[J = 4I»55X 10^ ergs.] Int. Sc. Honours 1886. 

[See pp. 231-233. The amount of heat generated is given by 
the equation JH = E2t/R, where E = (2'5)xio8 and 
R = 3.2 X 10®. The rise in temperature is i'*»i77.] 

163. The resistance of an incandescent lamp is 40 
ohms, and the difference of potential between its two 
terminals is 45 volts. Determine the heat produced in 
it per hour. 

[Mechanical equivalent of heat = 4*2 x lo^ergs. 

I volt =10® units of electromotive 

force. 
I ohm = 10® units of resistance.] 

Int. Sc. Honours 1885. 

164. A metal disc revolves in a magnetic field about 
an axis through its centre and perpendicular to its plane. 
Determine the electromotive force between centre and 

circumference. int. Sc. Honours. Z885. 

166. Ninety incandescent lamps are placed in parallel 
circuit, and a current of 40 amperes is distributed be- 
tween them, the E.M.F. between the terminals being 120 
volts. The resistance of the conductors is »2 ohm, and 
that of the dynamo (series) is '25 ohm, and the insula- 
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tion resistance between the flow and return conductors 
is I coo ohms. What horse -power will be required for 
electrical work, and how much will be wasted ? (i H.-P. 

= 746 watts.) Ind. C. S. 1885. 

166. A dynamo running at 100 volts is employed to 
drive a motor. The whole resistance of the circuit, in- 
cluding the dynamo and motor, is only half an ohm, but 
the whole current only 20 amperes. Account for this 
by elementary principles. ind. c. S. 1886. 

157. The carbon filament of an incandescent lamp 
being 1 5 cm. long and 0*02 5 cm. in diameter, the current 
in the lamp 1*5 ampere, the electromotive force between 
the terminals 50 volts, and the temperature of the fila- 
ment 2000**, determine the emissive power of its surface 

for heat. B. Sc. Honours 1884. 



ANSWERS 

AND HINTS FOR SOLUTION 

Chapter I — Dynamics 

4. Acceleration = 2-5; space described = 1 1 2 5 cm. 
6. 20 cm. per sec. 6. 6666-6 dynes. 7. 10^ gm. 
8. 10 min. 9. i hr. 23 min. 20 sec. 10. 37*5 dynes. 
13. 2.5 ft. per sea 14. z//24o. 16. 38,400. 17. (i) 
5 oz.; (2) 2 oz. 18. 32. 19. 981. 20. 9,810,000; 
1/981. 21. 4.45 X lo^ dynes. 22. 785 cm. per sec. 
per sec. 23. 12.8; 96,000. 24. 150 ft. per sec; 
900. 26. 4 ft. per sec. per sec. 26. 4*524 x lo^. 
27. i/i 20 of a poundal. 28. The force is to tl\e weight 
of a gramme as 25,000 to 327. 29. Acceleration 
= 1/70; velocity = 1/7. 31. 8-075 oz. ^2. The force 
is equal to the weight of 5-6 lbs.; acceleration produced 
= 0-08 ft.-sec. units. 33. 1,774,080. 34. As 80 : 7. 
36. 82-5 sec. 36. Momentum = 1,471,500. 37. The 
force is equal to 3-2 poundals, or is one-tenth of the 

weight of I lb. 38. As 224:675. 39. 32 \/i65 ft. 
per sec. 40. Acceleration = 4 ; space described = 50 
ft. 41. Acceleration = 8 1 ; tension = 145,800 dynes. 
42. 18' ft. 43. 3 gm. 44. 72 ft. 46. Accelera- 
tion =^/4; distance = 2^. 46. Tension =16-8 lbs. 
weight = 537-6 poundals. 47. 709-1 cm. per sec. 48. 
5 : 3. 49. 242.4 ft. 61. Acceleration = i ft.-sec. unit ; 
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space s= 6 in. 62. ^=950. 63. About 9«5 gm. 
54.^=980. 66. Sin-i(i/48). 

67. 26.32 poundals. 68. Tension = weight of 
4024*3 gm. 69. o- 1 1 1 3 ft.-sec. units. 62. ^= 98 1 .05. 
63. ^=32.227. 64. It would have to be shortened to 
3/i9ths of its original length. QQ. ^=32*191; 39*69 
in. 67. The pendulum is 0*27 17 in. too long, therefore 
8' 1 5 turns are required to correct it. 

77. 9 '6 X 10® gramme-centimetres; 9.4176X 10^ ergs. 

78. 288,000 ft.-lbs. 79. 10:27. 80. 1820 v/J ft.-lbs. 
81. 9600 ft.-lbs. 82. 1.44 X 10^ ergs. 83. (i) equal; 
(2) inversely proportional to the masses. 84. 20.16 
ft.-lbs. 86. 69.12 ft.-lbs. 86. 6788^ ft.-tons. 87. 
In the ratio of 400 to i. 88. 1634.3 ft.-tons. 
89. 706.9 ft.-lbs. 90. Total work = 11,000 ft.-lbs. 
91. 98,175,000 ft.-lbs. 

99. (i) 336,000 ft.-lbs. ; (2) 10,752,000 ft. -poundals. 
100. 33 ft. 101. 2500 ft.-lbs. 102. 3.767 X I oi® ergs. 
103. 9.81 X 10''' ergs. 104. 6.25 x lo^o ergs. 106. 

4-5 X 10I2 ergs. 106. Momentum = 8960 \/T; K.E 
= 143,360 ft.-poundals, or in ft- lbs. = 143,360/32 = 
4480. 107. 1536 ft.-poundals, or48 ft.-lbs. 108. The 
initial velocity must have been 96 ft. per sec, and the 
final energy must = K.E. at starting = 5 x (96)2/2^= 720 
ft.-lbs. 109. Force = 300 poundals ; K.E. = 225,000 ft.- 
poundals. 110. 8 x lo^® ergs. 112. 2.5 x lo^® ergs. 
113. 16,940 ft. -lbs. 114. 8.5xio«ergs. 116. 18 cm. 
117. K.E. = 1210 ft.-tons; a force equal to the weight 
of 1 1^ ton. 118. 546iJft.-poundals. 119. As 112 1625. 
120. 9-375 X 108 dynes. 121. 13,090 ft.-lbs. 123. 
32,000 ft.-lbs.; 320 ft. per. sec. 124. K.E. before im- 
pact = 1 50,000. 126. Force = 716-8 poundals; work 
= 114,688 ft. -poundals. 126. Mass = 45; velocity = 

2/3. 127. As ( \/3 - I) : I. 
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. 130. (i) 4561 kilogramme -metres per min.; (2) 
7.456 X lo® ergs per sec. 131. 38,016 cub. ft 132. 9^ 
H.P^ 133. 52^ miles per hour. 134. 16-8 H.Pl 
136. IS 1-2 H.P. 136. 192 H.P. 137. 480 H.P. 
138. At the rate of 3.367 H.P. 130. The unit of work 
would be increased ten-fold ; the numerical value of the 
horse-power would not be changed. 

EXAMINATION QUESTIONS 

141, 143. See Introduction, § 8, and Ch. I., £xs. 16 and 
26. 146, 146. See §§ 8 and 9 and Exs. 27 and 87. 160. 
The proof follows easily when the dimensions [MLT^ 
of force are known. 166. When describing a circle of 
100 ft. radius, his inclination to the ice is 84°. 162. (i) 
2000 ft.-lbs. ; (2) 1562.5 ft.-lbs. 171. See Ex. 97. 
174. This example is also inserted (and solved) in the 
chapter on Thermodynamics (Ch. V., 40). 176. K.E. 
of tram-car = 431,500 ft-poundals ; work done in a run 
of 3 miles = 22,065, 1 20 ft-poundals. 



Chapter II — Hydrostatics 

3. The dimensions of pressure are the same as those 
of force, viz. MLT^; the dimensions of intensity of 
pressure (force per unit area) are ML~^T~^. 6. 124.4 
lbs. per cub. ft. 7. 0-5787 oz. per cub. in. 8. 1*736 
oz. per cub. in. 10. 13-824. 11. 10-98 lbs. 12. 
0-7055 gi^- per c.c. 13. 300-8 lbs. 1-4 3-2 cub. ft 
16. Cross-section = 0-3676 sq. cm. ; diameter = 0-683 
cm. 17. 1 1 1.97 gm. 18. 1.4. 10. 4-5 cm. 20. As 
27:10. 21. 19-712 gm. 23. 4-516. 24. 4-57. 
26. 15^/8. 26. Its density is 0-925 that of air. 27. 
0.823. 28. 1-5. 31. (i) 100 gm. per sq. cm.; (2) 
98,100 dynes per sq. cm. 32. 4-273x10*. 33. 73*53 
cm. 34. 4100 gm. weight. 36. 206,991 dynes per sq. 
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cm. 86. 10*193 metres. 87. 98,100 dynes per sq. 
cm. 88. 12,750 gm. weight. 89. 1/384 lb. per cub. 
in. 40. 18,750 lbs. per sq. ft. 41. I7'36 lbs. per 
sq. in. 42. 138.2 ft. 43. 337,920 lbs. per sq. ft. 44. 
28*02 lbs. per sq. in. 45. 10*193 metres. 46. 0-9. 
47. 4908 ft. 48. 2 1 .3 lbs. per sq. in. 40. Sufficient to 
occupy 5 in. of the tube. 60. Tcos 3o°(i — j). 61. 1 50 
gm. 62. 68,360 gm. 63. 99,000 gm. 64. 18,150 
gm. 66. 10,000 gm, on upper surface, 11,000 gm. on 
lower surface, 10,500 gm. on each of the vertical sides. 

68. Volume = 20 c.c. ; sp. gr. = 3-1. 60. 22-04 gm. 
60. 21*08 gm. 61. 34 C.C. 62. 425*9 oz. 63. 20*8 
gm. 64. 27*5 gm. QQ, s^ = nt^Jint^^ - m^s^ + m^. 
67. 20.97 gm. 68. 21*57 gm. 60. A weight equal 
to that of the copper. 70. Acceleration = 20^ ft.-sec. 
units; time = 1*247 sec 71. 6-04 lbs. 72. 0*32 gm. 
74. 1000 c.c. 76. 300 c.c. 76. 6437*5 cub. yds. 
77. 50 c.c. 78. Sp. gr. of both solid and liquid = 0*5.1^ 
70. The sphere will rest in equilibrium with i/7th of its 
volume immersed in the mercury. 80. 3*3. 81. 1.625. 
82. 1*4. 83. 1*204. 84. 0*8271. 86. 1*434. 33* 
0.9127. 88. 11-31. 80. 1.948. 00. 0.7351. 01. 
0.8. 02. 4.75. 03. 3.219. 04. 1.059. 00. Sp. gr. 
of pebble = 2.74; of spirit = 0.825. 1^0. 240 lbs. 
101. 10,080 lbs. 102. Ratio of arms = 8 : 5. 103. 
Pressure = 8064 lbs.; distance = 0.1042 in. 104. 
Mechanical advantage = 1 440. 

107. Apparent height = 20 si 3 in. = 34-64 in. 108. 
34 ft. 100. 13.6 in. 110.25.197 ft. 111.(1)0.0938; 
(2) 1.276. 112. 11.86 metres. 113. 10,546 kgm. 
per sq. metre. 116. 1,039,890 dynes per sq. cm. 116. 
14.01 lbs. per sq. in. 117. 30,000 oz. per sq. ft. 118. 
1 006. 1 gm. per sq. cm., or 10,061 kgm. per sq. metre. 
110. 4.045 X 10''' dynes. 120. A change of about half 
a pound (0.4917 lb.) per sq. in. 124. p\p'— 9; 1. 
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126. pip'^r'^ir^. 126. 71.93 cm. 127. 360 lbs. 
per sq. in.; 3.6 in. 128. As i : 1-306. 129. i'395 
gin. ISO. Pressure = 2 atmospheres. 131. 96-6 cm. 
132. It will descend 1-2 in. 133. /:/ = /: r. 136. 
54*1 cm. 136. The tube should have been raised 
until a length of 80 cm. stood out of the mercury. 
138. 68.85 cm. 139. About 18 cm. 140. | cub. 
in. 142. (i) 34.2 C.C.; (2) S7 c.c. 144. 4.34 ft. 
146. 4.49 ft. 146. It must be lowered until its top is 
66 ft. below the surface. 148. 164.3 cub. ft.; 80.3 in. 
149. 0-876 in. 160. The jar must be sunk until its 
mouth is 33-64 ft. below the surface. 162. 0^ = 
(3/4)i<>D = 0-056310. 164. 0.4363 gm. 166. 6-741 
gm. 168. 260 kgm. 

EXAMINATION QUESTIONS 

169. See Ch. VII. p. 172. 164. See p. 58; pres- 
sure =2379-3 gm. per sq. cm. 166. Whole pressure 
= 3750 lbs.; resultant pressure = 62 5 lbs. 167. A 
force equal to the weight of 320 lbs. 172-176. See pp. 
62, 63, and Ex. 171. 189. See Ex. 137. 



Chapter III — Heat 

I. Expansion of Solids. — 4. 2-0068 metres; 
150*. 6. 153-86 cm. 6. 0-0432 in. 7. 263-16 cm. 
8. 87-2464 cm. 9. 1-00095 yard. 10. 22-128 cm. 
11. Coefficient of expansion = 0-00008 ; temperature = 
260°. 12. 100 cm. 13. 0-02864 in. 14. 0-0144 sq. 
ft. 16. 0-01764 ft. 17, 300.912 sq. cm. 18. 1-00649 
metre. 19. 36 cm. 20. When the pendulum keeps 
correct time (t\e. at 5°), it swings 86,400 times per day 
(supposing it to be a seconds pendulum ; see p. 30). 
At 30° its length is increased in the ratio of 1-0003 : i, 

and it now swings 86,400 \/i/ 1-0003 times per day. 
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Referring to p. 19, it will be seen that vi/i'003 = 
i/i-oooi 5 = 1- 0.000 1 5 approximately. Therefore the 
clock loses 86,400x0.00015 = 12.96 sees, per day. 
21. It will gain 20.52 sees, per day. 23. The required 
temperature is I96''.4, and the common length at this 
temperature is 251.424 cm. 24. I2^ See § 11 for 
this and the next example. 26. Increase in volume = 
2.592 cub. in. 27. 10.22. 28. 48.373 c.c. 

2. Expansion of Liquids. — 29. 0.00002797. 
33. 0.000302. 34. 0.000301. 37. 0.0601 8 1 7. 38. 
103°. 8. 46. 0.0001558. 46. The coefficient of appar- 
ent expansion of the mercury is 0.0001546, and this 
gives 0.0000274 as the coefficient of expansion of the 
glass. 47. 1.57 C.C. 48. 132^.3 40. io9*.65. 

60. 9. 5 1 7 gm. 64. The volume of the solid is 1 2.97 52 
C.C. at 10°, and 12.9914 c.c. at 95*; .*. its coefficient of 
expansion is 0.00001468. 

3. Expansion of Gases. — 68. 3.187 litres; 5 4°. 6. 
69. (i) 1 1-16 litres; (2) 12.38 litres. 60. 221.978 c.c. 

61. 0.1 02 3 1 gm. 62. 333". 63. 69.63 cm. at o**; 
95.12 cm. at 100°. 64. 21 90.1 c.c. 66. 0.00367. 
ee. 77°-6. 69. 1 8°. 74. 70. The temperature must 
rise from 10* to 5 7°* 16. 71. 322-6 c.c. 

77. As I : 0.9269. 78. 998-9 c.c. 79. 10.47 at- 
mospheres. 80. As I : 0.7808. 81. As i : 2.256. 
82. The temperature must fall to - 2" J. 84 0.599 
gm. 86. 924.9 kgm. 86. 11.66 litres. 87. 11.97 
gm. 88. 0.374.3 gm. 90. 1991 c.c. 91. 37-98 in.; 
at 4 5 9°' 5. 92. As i : 1.02. 93. The temperature 
must rise to 7^I8. 94. (i) : (2)= i : 0-891. 96. 299^ 
96. 9i°.8. 99. i3°.65. 



EXAMINATION QUESTIONS 

100. The lengths must be inversely proportional to 
the coefficients of expansion. 101. Observe that the 



.J 
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coefficient of superficial expansion is approximately 
double the coefficient of linear expansion ; see Introduc- 
tion, § II. 103-106. See footnote, p. 92. 108-113. See 
Exs. 51 and 53. 117. For "50" C." in the last line 
read "-5o°C." 



Chapter IV — Specific and Latent Heat 

1. Speoific Heat. — 6. 76,800 heat units. 7. 1995 
units. 8. 4,804,800 units.' 9. 11-875. l-^* 0*208. 

12. Temperature = 17"- 14. 13. 88^ 14. As i : 0.453. 
16. 22,666§. 17. 0-0313. 18. 0.0962. 19. 0-615. 
20. 9°-49. 21. 0-0556. 22. 0-1327. 23. 5| gals, 
of boiling water, and 1 4|^ gals, of tap- water. 24. 1 7 3*' i . 
26. As 8 : 9. 27. 68°. 28. 306.4 units. 29. i35°«3. 
31. 30 gm. 32. . In the proportion of i to 3. 

33. (Vi+V2 + V3)/('^i + '^2 + '^8)- ^^ 0.6426. 36. 
54^.37. 36. 21.6 gm. 37. 0.0315. 38. Exp. L, 
sp. ht. = 0.03097; Exp. II., sp. ht. = 0.03185; mean 
value,= o.o3i4i. 40. Express Qe and Q«' in terms of 
a, by and c : the difference between these (Q^' -^ Q^) is 

equal to the mean sp. ht. (S^ ) multiplied by the difference 

of temperature {t — /). Again, let this interval become 
indefinitely small ; in the limit t coincides with /, and 
the mean sp. ht. between /** and /" becomes the true sp. 
ht. at f (St). 

2. Latent Heat. — 48. 6.25 gm. 49. io§ lbs. 
61. 176.5 gm. 62. 80. 63. ^^^ lbs. 64. 1.125 
gm. 66. 79.5. 66. 0.0941. 67. 0-1148. 69- 
15,5 44*8 pound-degree units. 60. 1 1 ,3 1 2 of the same 
units; 5966.2 lbs. 63. 1.51b. 64. 0.5625 lb. of ice 
will be melted, and the result will be a mixture of ice 
(0-4375 lb.) and water (1-5625 lb.) at o*. 66. The 
temperature will be lowered by I7°'5 (/.^. to 7'*«5). 
QQ, 10 lbs. of water at 18°. 67. The snow will.be 
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melted and raised to IO^ 60. 3*26 gm. 70. 3/16 
of the water will be frozen. 73. Contraction = o. 1 7 cc 
74. 888-8 units. 76. Contraction = 0.1 02 1 c.c. 76. 
Contraction = 0*0214 C'C 77. Sp. heat = 0.07655. 
78. Sp. gr. of ice =s ^ = 0-9 1 6. 70. Ice melted = 0.0873 
gm. ; sp. heat of substance = 0*08 1 4. 

87. Vapour-pressure = 6.55 mm.; relative humidity 
= 0.55 (or 55 per cent). 00. 31,200. 01. 21,480 
units. 02. 6.29 lbs. 03. 536.3 04. 37*3 1 gm. 
05. As I : 5. 07. 541. 08. 25.04. 



EXAMINATION QUESTIONS 

100. The amount of heat required to raise a volume 
V of mercury through f is Q = z/xi3-6x 0.033/. To 
raise an equal volume of alcohol through /** would require 
an amount Q' = z/ x 0.85 st 

Thus Q'_ 0.85J _ J 

Q ~i3-6xoo33~o.528* 

and .'. Q'> = <Q according as j> = <o-528. 

102. The heat will be divided in the ratio of i : 12*5, 
and the rise of temperature will be i''.85. 104. Notice 
that the thermal capacity (8) of the copper vessel must 
be added to that of the cold body (the milk). The sp. 
heat of the milk is 0.934. 110-112. See pp. 127, 128. 
113. See Deschanel, Natural Philosophy y Part ii. § 435. 



Chapter V — Conductivity and Thermodynamics 

L Conductivity. — 3. 5,760,000. 4. 230,400 
units. 6. 0.16. 6. 1.476 X I oi® units. 7. 126 kgm. 
0. 0.017. 10- 0.0384. 11. The multiplier for reduc- 
ing to the C.G.S. system is 0.0 1. 
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2. Thermodynamios. — 14. 7*44 gramme-degrees. 
16. 1390 ft. 16. 1.905 X I oio ergs. 17. 678 metres. 
18. ©"^ 1 55 warmer. 19. 4480 gramme-degrees ; 194 
metres per sec. 20. 20iO'i6 watts. 21. 85,714 gm. 
22. Work done = 3,683,500 ft. -lbs. ; rate of working 
= 24,557 ft. -lbs. per min. , 24. 6'77 x 10® ergs. 
26. 362 '46 metres per sec. 26. The engine is of 67 
H.P., and its efficiency is 0.106 (or 10.6 per cent). 
29. 24,396 units. 33. 2.87 x lo^ ergs. 34. The work 
done is 2124 ft.-lbs., and the heat -equivalent of this 
would suffice to raise 1.528 lb. of water through i* C. 
36. 7 = 4.2 X lo^. 

EXAMINATION QUESTIONS 

38. Taking as units the pound, the inch, and the 
second, the absolute conductivity is 0.00002893.. 

41. Efficiency = 3.37 % ; heat wasted = 96-63 %. 

42. See Ex. 13. 44. 1258.7 lbs. 46. Work done 
= 1.25 X 10''' ergs. 47. Work done = 2.85 x lo^ ergs. 



Chapter VI — Light 

3. 4.41 candle-power. 4 As 16; i. 6. (i) i ft. 
from candle, between this and the lamp ; (2) 2 ft. on 
other side of candle. 8. 5 images. 13. 45°. (Notice 
that the successive angles of incidence diminish by 15°.) 
21. /' = 90 in. ; image is 5 in. long. 23. /= + 1$ cm. 
(concave). 24 8 in. 26. 30 in. behind the mirror; 
magnification = 6. 26. /= i ft. i in. ; mirror must be 
placed I ft. from object. 27. (i) Image is virtual and 
inverted, 4 in. behind mirror, § in. in length ; (2) image 
8 in. behind mirror, ^ in. in length. 28. /= 18 in., 
/' = 36 in. ; image .would be half size of object. 
30. The image is real and twice the size of the object .; 
the magnification is the same when p =//2, but in this 
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case the image is virtual 3L Distance = 3^ 82. 
Half that of the object. 

38. 8/9; 3/4. 40. ^2, 41. n/2. 43. 1.3. 
46. 1-525. 46. \/2. 47. Expand the expression 

for /t* given in Ex. 44 ; it will be found that cot — = 

3.566, and .-. A = 31" 20'. 40. 48' 36"; i" 29'. 
61. 3*. 66. 60 cm. 61. /= - 4 J in. 62. /' = - 20 
cm.; as 1:3. 63. 10 cm. 64. 2 ft. 6 in.; equal. 
66. /'= -2 ft; diameter of image =1 in. 67. i ft 
from lens, and on the same side as the object. 
60. /= - 37.5 cm. ; as 3 : 1. 70. /= i ft ; /= - 3 ft 
71. 10 in. from the lens ; /= - 8| in. 72. p ^ 3/, 
73. (i) / = 2 ft; (2)/= I ft. 74. 16 cm. 78. 
F= - 10 cm. 79. F = - 24 cm. 80. /= + 24 cm. 
81. /j = - 3 in. ; F = - 6 in., and .'.yj = + 6 in. 84. 
4 cm.; magnifying power=2o/4= 5. 86. He will be 
able to see distinctly objects at a distance of 19-2 cm. 
{i,e, his range of distinct vision will be increased by 
28.8 cm») 86. /=+20cm. 89. 58.42 cm. 90. (i) 
16.84 cm.; (2) 16.60 cm.; (3) 16.75 cm.: mean 
= 16.73 cm. 

EXAMINATION QUESTIONS 

92. See Ex. 2. The values of ;ir are + 2§ and - 24. 
06. /x= J2, 100. (i) A = (sin 2" 1 8')/ 1 00 = 0.000401 
mm.; (2) 2A = (sin 4' 35')/ioo = o.ooo799 mm. Mean 
value of A = 0.0004 "ini. = 4000 tenth-metres. 



Chapter VII — Sound 

L 341.8 metres per sec. 2. 3o**.4. 3. 4.39 sec. 
6. 1 28.1, or almost exactly t^e note C. 6. 1261*2 
metres per sec. 7. 129.6 cm.. 0. 2.059 xio^*>. 
11. 2.109 X 10I2. 13. A fifth {c to g), 14. g'\ U. a 
twelfth above the octave oic, 16, iz 5 lbs. ; an additional 
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II lbs. {t\e. total weight = 36 lbs.) 16. 1-024x108 
dynes. 17. 46' 8 vibrations per sec. 18. Stretching 
force = 6759 X 10® dynes = weight of 6*89 kgm. 
20. 440 vibrations per sec. 23. 460. 

EXAMINATION QUESTIONS 

24. 2/ = \/2 X lo^ = i'4i4 X lo^ cm. per sec. 
26. Vibration frequency = 7 1 . 27. Length of tube = 

I ft. 2 in. 28. Frequency = «x s/y/S, 20. 25-6 gm. 
for 5 segments, and 17-7 gm. for 6 segments. 



Chapter VIII — Magnetism 

3. 8 dynes. 4. 12-8 dynes. 6. 5. 6. 24. 8. 18. 

0. As s/Y: s/J[ 10. As 0.417 : i. 17. As 0.352 : i. 
18. 18.93. 

EXAMINATION QUESTIONS 

26. Torsion in first case is 360°- 3o'' = 330^ The 
required amount of torsion in the second case is 2 x 330 
(for sin 90°= 2 x sin 30°). Hence the torsion -head 
must be turned through 660** + 90° = 750''. 



Chapter IX — Electrostatics 

2. -27. 3. 12 cm. 4. 8 dynes. 6. Charge = 
+ 10.9. 8. Attractive force = 2 dynes; repulsive force 
. = 0.25 dyne. 0. The resultant force at the third comer 
is \/3/2oo, and acts along the bisector of the angle. 
11. <r=io/7r=3.i8. 12. 198 units. 14. B will be in 
equilibrium between A and C at a distance AC/3 from 
A ; it will also be equally repelled by both when it is 
placed on CA, produced so that B A = AC. 

s 
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17. 2VT=2.828. 18. Potential is 40; charges are 

400 and 600. IG. Potential 15; charges 1125 and 

375. 20. 5/3 « i6.(S.' 21. L; 50. 2a Distance 

= 4 N/Jcm.; force « 0.16 dyne, 25. 8. 27. As 8 : i; 

52.5 units. 28. As 2 : I. 30. As 9 : 8. 82. 500. 

88. 4284. 89. 341-8 and 158-2 40. Charge on 
large sphere ^ 80, on small sphere == 440 ; common 
potential = 8. 41. 34-34 metres. 

48. 7 5, 000 ergs. 44. 300 units; 4500 ergs. 
46. 13,440 ergs. 46. The potentials are as 3 : 8; the 
energies of the charges are as 9:16. 47. As 1:6. 
40. Potential = 346-4. 61. As 1:3. 62. As 1:5. 
&6, The energies of the several discharges (taken in the 
same order as in Ex. 42) are as 9:3:4 : 2. 66. As 
4:1. 

EXAMINATION QUESTIONS 

61. The resultant force at the given point acts along 
the line parallel to the centres of the spheres, and is 
equial to 0-0025 dyne. 68. For B i/4th, and for C 
i/i6th of the corresponding amount for A. 



Chapter X. — Current Elech'ricity 

4. 2-823 ohms. 6. 60 volts. 6. 50 ohms. 7. 0-2 
ampere. 8. 5 cells. 0. Current = 8 J amperes ; poten- 
tial of point B = 80 volts. 10. Current =1-2 ampere; 
potential difference =: i -44 volt. 11. Original resistance 
= 15 ohms ; additional resistance required =15 ohms. 
12. 20 cells. 18. 6 additional cells. 14. 1-6 ampere. 

16. 4 metres. 16. The two E.M.F.'s are equal. 

17. Resistance of battery = 60 ohms ; resistance of wire 

= 28*8 ohms. 18. 1-07 volt E.M.F., and 13 ohms 
resistance per cell ; potential difference == r4«98 volts. 
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19. E.M.F. of accumulator =2 '2 volts; current after re- 
arrangement ?= I milliamp^re. 20. 1 1 ohms. 21. Cur- 
rent is increased in ratio of 7 : 10. 23. 1 5 cells. 

27. 0.6 mm. 28. 18 1.3 metres. 20. The resist- 
ance of B is 81 times that of A. 30. 72 ohms. 
31. 1*24 ohm. 32. 6 ohms. 33. 20*31 ohms. 
34. 0.9434 ohm. 36. 0.2903 ohm. 36. As 1:4. 
37. 0.007547 ohm. 38. 872.8 cm. 30. If r is ex- 
pressed in C.G.S. units, the specific resistance is 
TT r I ^0,000 mn\ 40. 0-2 188 ohm. 41. As 5:1. 
42. 1080 yards. 43. 3.04 microhms. 44. 32.48 
microhms. 45. 0-0783 ohm. 

49. 5. 4 II amperes. 60. 0*0754 dyne. 62. 0.206 
ohm. 63. 15 ohms. 64. 41 ohms. &Q, As 13 : 8. 

62. J. 1 86 gm. 63. Nearly 2 hours. 64. 0.05055 
ampere. Q&, 0.0003295. QQ, 0-6755 ampere. 67. 
4017 amperes. 68. 2.658. 60. 0.3355. 

73. The resistance is equal to that of one of the sides. 
74 3 r/4, where r is the resistance of one of the sides. 
75. II ohms. 76. Q:C = Ps: ls\ 77. The current 
will be doubled. 78. 89-1 legal ohms. 80. 4.5 am- 
peres. 81. The resistance will be diminished by one- 
fourth. 82. 6-2 58 r, where r is the resistance of 
an inch of the base wire. 86. C : C' = B(G + S) + 
GS : (B + G>J(G + S). 87. 4 ohms. 88. 4.5 ohms; 
0.5 ampere. 89. C : C'= 5 : 6. 90. C : C'= 5 : 3. 
96. 2 ohms; 2-125 amperes. 

100. 2 rows of 2 cells each. 101. 2 rows of 6 cells 
each. 102. 3 rows of 4 cells each. 103. 4 rows of 
12 cells each; current = 0.39 ampere; potential differ- 
ence = 5.85 volts. 

108. ( I ) : (2) = (r^ + r^f : r^r^, 109. As r^r^ : (r^ + r^^ 
110. 0.8 H.-P. 111. 487.5 watts. 114. As 3 : I in 



26o 



ANSWERS 



[CH. X 



both cases. 115. iS'^'S, 116. 2*34 watts per candle- 
power ; 32,143 calories. 117. 0*9 165 ampere. 118. 
/^s 0.00485. 

122. Horse-power = 5.986; efficiency = 85.5 %. 
127. Efficiency = 31.9%. 



EXAMINATION QUESTIONS 

131. 0*186 in. diam. 132. As 3*3 : 2-3. 133. 
07643 ohm. 134. 0'5 ampere; 0.1585 ampere. 

136. 166.6 divisions. 137. 2.163 ohms. 138. 20 
cells. 140. 1 700 ohms. 141. Deflection of B= 109.9; 
the reduction -factors of the two galvanometers are as 
46 : 25 and their resistances as 25 : 18. 140. 3.6 x io^<^ 
ergs. 160. Specific heat of alcohol = 0.64. 161. As 
I : 0.0884. l&S, 43,393 gramme-degrees. 
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Peter's College, Cambridge, Professor of Natural Philosophy in the Univer^ 
sity of Edinburgh. Crown 8vo. 6s. 

On Lig^ht Being the Burnett Lectures, delivered in Aberdeen 
in X883, 1884, 1885. By George Gabriel Stokes, M.A., P.R.S., etc, 
Lucasian Professor of Mathematics in the University of Cambridge. 

First Course : On the Nature of Light. 

Second Course : On Light as a Means op Investigation. 

Third Course : On the Beneficial Effects of Light. 

Complete in one volume. Crown 8vo. 7s. 6d. 

The Second and Third Courses may be had separately, as. 6d. each. 

An Elementary Treatise on Sound. By W. H. Stone, M.D. 

With Illustrations. i8mo. 3s. 6d. 

A Course of Quantitative Analysis for Students. By W. Noel 

Hartley, F.R.S., Professor of Chemistry and of Applied Chemistry, 
Science and Art Department, Royal College of Science, Dublin. Globe 
8vo. 5s. 

Chemical Arithmetic. With 1200 Problems. By Sydney 

LuPTON, M.A., F.C.S., F.I.C., formerly Assistant - Master at Harrow. 
Second Edition, Revised and Abridged. Fcap. 8vo. 4s. 6d. 

Heat and Electricity, A Collection of Examples on. By H. 

H. Turner, B.A., Fellow of Trinity College, Cambridge. Crown 8vo. 
as. 6d. 

A Course of Practical Instruction in Botany. By F. O. 

Bower, D.Sc, F.L.S., Regius Professor of Botany in the University of 
Glasgow. Second Edition, Revised. Crown 8vo. los. 6d. Or in Two 
Parts. Part I. PHANEROGAMiG— Ptbridophyta. 6s. 6d. 
Part II. Bryophyta — Thallophyta. 4s. 6d. 
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The following contain Introductions, Notes, and Vocabnlaxies, and 
in some cases Exercifles. 

AOOIDBNOE, LATIN/ AND EXEAOISES ARRANGED FOR BEOINNERS.-By 

W. Welch, M.A., and G. O. Duffibld, M.A. 
ABSOHTLUS.— PROMETHEUS VINCTUS. By Rev. H. M. Stbphkmbon, M.A. 
ARRIAN.— SELECTIONS. With Exercises. By Rer. John Bond, M.A., and 

Rev. A. 8. Walfolb, M.A. 
AULUS GELLIUS, STORIES FROM.— Adapted for Beginners. With Exercises. 

By Rev. G. H. Nall, M.A., Assistant Master at Westminster. 

CJSSAR.— THE HELVETIAN WAR. Being Selections from Book I. of The 

Gallic War. Adapted for Beginners. With Exercises. By W. Welch, M.A., 

and C. G. Dutfield, M.A. 
THE INVASION OP BRITAIN. Being Selections ftom Books IV. and V. of The 

Gallic War. Adapted for Beginners. With Exercises. By W. Welch, M.A., 

and G. G. Dutfield, M.A. 
THE GALLIC WAR. BOOK I. By Rev. A. S. Walpole, MA. 
BOOKS II. AKD III. By the Rev. W. G. Rttthebfobd, M.A., LL.D. 
BOOK IV. By Clement Bktans, M.A., Assistant Master at Dolwich College. 
BOOK V. By C. Colbbck, M.A., Assistant Master at Harrow. 
BOOK VI. By the same Editor. 

SCENES FROM BOOKS V. and VI. By the same Editor. 
BOOK VIL By Rev. J. Bond, M.A., and Rev. A. S. Walpole, M.A. 
dOERO.— BE SENECTUTE. By E. S. Shuckbttboh, M.A. 
DE AMICITIA. By the same Editor. 
STORIES OF ROMAN HISTORT. Adapted for Beginners. With Exercises. 

By Rev. G. E. Jeans, M.A., and A. V. Jones, M A. 
EURIPIDES.— ALCESTIS. By M. A. Bayfield, M.A. ^ 

MEDEA. By the same Editor. [In t?ie Press. 

HECUBA. By Rev. J. Bond, M.A., and Rev. A. S. Walpole, M.A. 

EUTROPIITS.- Adapted for Banners. With Exercises. By W. Welch, M.A., 

and C. G. Duffield, M.A. 
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ODYSSEY. BOOK I. By Rev. J. Bond, M.A., and Rev. A. S. Walpole, M.A. 
HORAOE.— ODES. BOOKS I. —IV. By T. B. Paqb, M.A., Assistant Master 
at the Charterhouse. Each Is. 6d. 
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XJVT.— BOOK I. By H. M. Stsphxnsom, M.A. 

BOOK XXI. Adapted from Mr. Oapes's Edition. By J. B. Melhuish, M.A. 
BOOK XXII. By the same. [SkorUy. 

THE HANNEBALIAN WAR Being part of the XXI. and XXII. BOOKS OF 

LIVY adapted for Beginners. By G. 0. Magaxtlat, M. A. 
THE SIEGE OF STRAGUSE. Being part of the XXIY. and XXV. BOOKS OF 

LIVY, adapted for Beginners. With Exercises. By G. Richards, H.A., and 

Bey. A. S. Walpoub, M. A. 
LEGENDS OF ANCIENT ROME. Adapted for Beginners. With Exercises. 

By H. Wilkinson, M.A. 
LUOIAH.— EXTRACTS FROM LUCIAN. With Exercises. By Rev. J. Bond, M.A., 

and Rev. A. S. Walpolk, M.A. 
NEPOS.—SELECTIONS ILLUSTRATIVE OF GREEK AND ROMAN HISTORY. 

With Exercises. By G. S. Fabnbll, M.A. 
OVXD.-— SELECTIONS. By E. S. Shuckbuboh, M.A. 
EAST SELECTIONS FROM OVID IN ELEGIAC VERSE. With Exercises. By 

H. Wilkinson, M.A. 
STORIES FROM THE METAMORPHOSES. With Exercises. By Rev. J. Bond, 

M.A., and Rev. A. S. Walpolk, M.A. 
PHSDBUS— SELECT FABLES. Adapted for Beginners. With Exercises. 

By Rev. A. S. Walpolk, M.A. 
T HUUYD IDBS.-THE RISE OF THE ATHENIAN EMPIRE. BOOK I. Chs. 

89-117 and 228-288. With Exercises. By F. H. Couon, M.A. 
VIBOIL.— SELECTIONS. By B. S. Shuckbuboh, M.A. 
GEORGICS. BOOK L By T. E. Paox, M.A. 
BOOK II. By Rev. J. H. Skbink, M.A. 
^NEID. BOOK L By Rev. A. S. Walpolk, M.A. 
BOOK n. By T. B. Paok, M.A. 
BOOK IIL By T. E. Paqk, M.A. 
BOOK IV. By Rev. H. M. Stkphknbon, M.A. 
BOOK V. By Rev. A. Calvkbt, M.A. 
BOOK VI. By T. B. Paok, M.A. 
BOOK VII. By Rev. A. Calvebt, M.A- 

BOOK VIIL By Rev. A. Calvkbt, M.A. [In preparation. 

BOOK IX. By Rev. H. M. Stkphknson, M.A. 

BOOK X. By S. G. Owkn, M.A. [In preparation. 

XBNOPHON.— ANABASIS. BOOK I, By Rev. A. S. Walpolk, M.A. 
BOOK I. With Exercises. By E. A. Wells, M.A. 
BOOK IL By Rev. A. S. Walpolk, M.A. 

BOOK III. By Rev. G. H. Nall. [In preparation. 

SELECTIONS FROM BOOK IV. With Exercises. By Rev. E. D. Stonk, M.A. 
BOOK IV. By the same Editor. [In preparation. 

SELECTIONS FROM THE CYROPiBDIA. With Exercises. By A. H. Cooxk, 

M.A., Fellow and Lecturer of King's College, Cambridge. 

The following contain Introdnctions and Notes, bat no Vocaba- 

lary :— 

OIOEBO.— SELECT LETTERS. By Rev. G. E. Jkanb, M.A. 

HBRODOTUS.-SELEOTIONS FROM BOOKS VIL and VIII. THE EXPEDI- 
TION OF XERXES. By A. H. Cookk, M.A. 

HORACE.— SELECTIONS FROM THE SATIRES AND EPISTLES. By Rev. W. 
J. V. Bakkb, M.A. 
SELECT EPODES AND ARS POETICA. By H. A. Dalton, M.A, Assistant 
Master at Winchester. 

PLATO.— EUTHYPHRO AND MENEXENUS. By C. E. Gbavxs, M. A., Classical 
Lecturer at St. John's College, Cambridge. 

TBBENOE.— SOBNES FROM THE ANDRLA. By F. W. Cobnish, M. A. , Assistant 
Master at Eton 
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THE OBBBK BLB0IAO POETS.— FROM GALUNUS TO OALLDCACHUa 
S elected by Bev. Hbbbxbt Ktnaston, D.D. 

THUOTDIDB&— BOOK IV. Chb. 1-41. THE GAPTUBB OF SPHAOTERIA. Bt 
C. B. Graw, M.A. 

OT.ASSIOAL SERIES 
FOB OOLLEQES AND SOHOOLS. 

Foap. Svo. 

JB8GHINE8.— IN GTBSIPHONTEM. By Bev. T. Owatkih, M.A., and S. & 
Shuokbuboh, M.A. [In ihe Prm. 

iBSOHTLTTS.— PEBSiE. By A. O. Fbiokabd, M.A., Fellow and Tutor of Neir 
Gollege, Oxford. With Map. 88. 6d. 

SEVEN AGAINST THEBES. SCHOOL EDITION. By A. W. Vbbraix, Litfc.D., 
Fellow of Trinity GoIIm^, Cambridge, and M. A. Bayfikld, H.A., Head' 
master's Assistant at HalVem College. 8s. 6d. 

ANDOGIDB&— DB MTSTERII& By W. J. Hickix, M.A. 2s. 0d. 

ATTIG OBATOB8.-49election8 from ANTIPHON, ANDOCIDES, LYSIAS, ISO- 
CRATES, AND ISAEUS. By R C. Jebb, littD., Regius Professor of Gieek 
in the UniTersity of Cambridge. 0b. 

OJSSAB.— THE GALLIC WAR. By Rev. John Bond, 'M.A., and Rev. A. S. 

Walpolb, M.A. With Maps. 0s. 
OATULLUB.— SELECT POEMS. Edited by F. P. Simfbok, B.A. 68. The Text 

of this Edition is careftilly expurgated for School use. 
OIOEBO.— THE CATILINE ORATIONS. By A. S. Wilkimb, littD., Professorof 
Latin in the Owens College, Victoria University, Manchester. 8s. 6d. 
PRO LEGE MANILIA. By Prof A. S. Wilkins, LittD. 2s. 6d. 
THE SECOND PHILIPPIC ORATION. By John E. B. Mayob, M.A., Pioftesoi 

of Latin in the University of Cambridge. 6s. 
PRO ROSCIO AMERINO. By E. H. Donkin, M. A. 4s. 6d. 
PRO P. SE STIO. By Rev. H. A. Holden, LittD. 68. 
DEMOSTHENES.— DE CORONA. By B. Drake, M.A. 7th Edition, revised by 
E. S. Shuckbuboh, M.A. 4s. 6d. 
ADVERSUS LEPTINEM. By Rev. J. R. Kino, M. A., Fellow and Tutor of Oriel 

College, Oxford. 4s. 6d. 
THE FIRST PHILIPPIC. By Rev. T. Gwatkin, M.A. 2s. 6d. 

IN MIDIAM. By Prof. A. S. Wilkins, LittD., and Herman Haobb, Ph.D., of 

the Owens College, Victoria University, Mancnester. [In i^rqparaHon. 

EURIPIDES.— HIPPOLYTUS. By Rev. J. P. Mahafft, D.D., Fellow of Trinity 

College, and Professor of Ancient History in the University of Dublin, and J. 

B. Burt, M.A., Fellow of Trinity College, Dublin. 3s. 6d. 
MEDEA. By A. W. Verrall, LittD., Fellow of Trinity College, Cambridge. 

3s. 6d. 
IPHIGENIA IN TAURIS. By B. B. England, M.A. 4s. 6d. 
ION. By M. A. Batfibld, M.A., Headmaster's Assistant at Malvern College. 

8s. 6d. 
BACCHAE. By R. Y. Tyrrell, M. A., Regius Professor of Greek in the University 

of Dublin. [In prepanUion. 

HERODOTUS.— BOOK IIL By G. C. Magaulay, M.A. [In tht Prm. 

BOOK V. Bv J. Strachan, M.A., Professor of Greek in the Owens College, 

Victoria University, Manchester. [In prepa/ratim. 

BOOK VI. By the same. [In the Press. 

BOOKS VII. and VIII. By Mrs. Montagu Butler. [In the Pna. 

HESIOD.— THE WORKS AND DAYS. By W. T. Lendruic, M.A., Assistant 

Master at Dulwich College. [In preparation. 

HOMER.— ILIAD. BOOKS L, IX., XI., XVI.— XXIV. THE STORY OF 

ACHILLES. By the late J. H. Pratt, M.A., and Walter Lkaf, LittD., 

Fellows of Trini^ College, Cambridge. 60. 
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ODTSSBY. BOOK DL By Profl John E. B. Mayor. 28. 0d. 
ODYSSEY. BOOKS XXL— XXIV. THE TRIUMPH OP ODYSSEUS. By S. 
G. Hamilton, B. A., Fellow of Hertford College, Oxford. Ss. 6d. 

HORACE.— THE ODES. By T. E. Page, M. A, Assistant Master at the Charter- 
house. 68. (BOOKS L, n., III., and IV. separately, 2s. each). 

THE SATIRES. By Abthub Palmer, M. A., Professor of Latin in the Uniyersity 

of Dublin. 6s. 
THE EPISTLES AND ARS POETICA. By A S. Wilkinb, LittD., Professor 

of Latin in the Owens College, Victoria University, Manchester. 6s. 
IBAEOS.— THE ORATIONS. By Willluc Bidoeway, M.A., Professor of Greek 

in Queen's College, Cork. [In pr^aration. 

JUVENAL.— THIRTEEN SATIRES. By B. G. Habdy, M. A 6s. The Text is 
careftilly expurgated for School use. 

SELECT SATIRE& By Prof. John E. B.' Mayor. X. and XL 88. 6d. 
XIL-XVI. 4s. 6d. 

lilVT. BOOKS IL and IIL By Rev. H. M. Stephenson, M.A. Ss. 
BOOKS XXI. and XXIL By Rev. W. W. Capes, M.A. With Maps. 5s; 
BOOKS XXIII. and XXIV. By G. C. Maoaulay, M.A. With Maps. 68. 
THE LAST TWO KINGS OP MAOEDON. EXTRACTS PROM THE FOURTH 
AND FIFTH DECADES OF LIVY. By P. H. Rawlinb, M.A., Assistant 
Master at Eton. With Maps. 8s. 6d. 
THE SUBJUGATION OF ITALY. SELECTIONS PROM THE FIRST DECADE. 
By G. E. Mabindin, M. A. [In prffpcmUion. 

IiUOBETIUS.— BOOKS L— III. By J. H. Warburton Lee, M.A., Assistant 

Master at Rossall. 4s. 6d. 
LYSIAS.— SELECT ORATIONS. By E. S. Shuckburgh, M.A. 6a. 
SiABTIAL.— SELECT EPIGRAMS. By Rev. H. M. Stephenson, M.A. 6s. 6d. 
OVID.— FASTI. By G. H. Hat.lam, M.A., Assistant Master at Harrow. With 
Maps. 6s. 
HEROIDUM EPISTULiE XIIL By E. S. Shuckburoh, M.A. 4s. 6d. 
METAMORPHOSES. BOOKS L— IIL By C. Simmons, M. A. [In preparation. 
BOOKS Xni. and XIV. By the same Editor. 4s. 6d. 
PLATO.— LACHES. By M. T. Tatham, M.A 28. 6d. 

THE REPUBLIC. BOOKS L— V. By T. H. Warren, M.A, President of 
Magdalen College, Oxford. 6s. 

PLAUTUS.— MILES GLORIOSUS. By R. W. Tyrrell, M. A., Regius Professor of 

Greek in the University of Dublin. 2d Ed., revised. 6b. 
AMPHITRUO. By Arthur Palmer, M. A., Professor of Latin in the University 

of Dublin. 6s. 
FLINT.— LETTERS. BOOKS L and IL By J. Cowan, M.A., Assistant Master 

at the Manchester Grammar School. 68. 
LETTERS. BOOK IIL By Prof. John E. B. Mayor. With Life of Pliny by 

G. H. Rendall, M.A. 5s. 
PLUTARCH.— LIFE OF THBMISTOKLES. By Rev. H. A Holden, LittD. 6s. 

LIVES OP GALEA AND OTHO. By E. G. Hardy, M.A. 6s. 
POLTBIUS.— THE HISTORY OF THE ACHAEAN LEAGUE AS CONTAINED IN 

THE REMAINS OP POLYBIUS. By W. W. Capes, M.A. 6s. 6d. 
PBOPBRTIUS.— SELECT POEMS. By Prof. J. P. Pobtoate, LittD., Fellow of 

Trinity College, Cambridge. 2d Ed., revised. 6s. 
BALLUST.— CATILINA and JUGURTHA. By C. Mertvalb, D.D., Dean of Ely. 

48. 6d. Or separately, 2s. 6d. each. 

BELLUM CATULIN^ By A. M. Cook, M.A., Assistant Master at St Paul's 

School. 4s. 6d. 
JUGURTHA By the same Editor. [In preparation. 

TACITUS.— THE ANNALS. BOOKS L and IL By J. S. Rbid, LittD. 

[In preparation. 
THE ANNALS. BOOK VL By A. J. Church, M.A, and W. J. Brodribb, 
M.A 28. 6d. 
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THB HISTOBIBS. BOOKS I. and II. By A. D. Godlxt, U.A., Fellow d 

Magdalen OoUege, Oxford. 58. BOOKS in.-y. By the same. 58. 
AGRIGOLA and OBRMANIA. By A. J. Ghttboh, M.A., and W. J. Bbodbibb, 
M.A. 88. 6d. Or separately, 28. each. 
TEBENOB.— HAUTON TIMOBUMENOS. By E. S. SHXroKBiTBOH, M.A. Ss. 
With Tzanslation. 4b. 6d. 
PHORMIO. By Rev. John Bond, M.A., and Rev. A. S. Walpolx, M.A. 4s. 6d. 
THUOTDIDES.— BOOK I. By 0. Brtans, M. A. [In preparaiion. 

BOOK II. By B. 0. Maaohamt, M.A., Assistant Master at St Paul's School 

[In preparation. 
BOOK IIL By C. Brtakb. [In preparation. 

BOOK IV. By G. B. Gravcb, M.A., Classical Lectnrer at St John's College, 

Gambridge. 5s. 
BOOK v. By the same Editor. [In the Press. 

BOOKS VI. AND VII. THE SICILIAN EXPEDITION. By Rev. Pkrcital 

FaofiT, M.A. With Map. 58. 
BOOK VIII. By Prof. T. G. Tucker, M.A. [In preparaiion. 

TIBULLUS.— SELECT POEMS. By Prof. J. P. Postgatb, Litt.D. [In preparation. 
VIRGIL.— iBNBID. BOOKS IL and IIL THB NARRATIVE OF .ENEAS. 

By E. W. HowBON, M.A., Assistant Master at Harrow. 8s. 
XBNOPHON.— THE ANABASIS. BOOKS I.-IV. By Proft. W. W. Goodwis 
and J. W. Whitk. Adapted to Goodwin's Greek Grammar. With Map. 5s. 
HELLENICA. BOOKS L and II. By H. Hailstone, B. A. With Map. 48.6cL 
OYROPJiDIA. BOOKS VII. and VIII. By A, Goodwin, M.A., Professor of 

Classics in University College, London. 5s. 
MEMORABILIA SOCRATIS. By A. R. Cluer, B.A., BaUiol College, Ozfonl 

6s. 
HIERO. By Rev H. A. Holdkn, Litt.D., LL.D. 8s. 6d. 
OECONOMICUS. By the same. With Lexicon. 6s. 

OLASSIOAL LIBRARY. 

Texts, Edited with Introductions and Notes, for the use of 
Advanced Students ; Commentaries and Translations. 

.ffiSCHYLUS.— THE SUPPLICBS. A Revised Text, with Translation. By T. 

G. TucKiER, M.A., Professor of Classical Philology in the University of Mel* 

bonme. 8vo. 10s. 6d. 
THE SEVEN AGAINST THEBES. With Translation. By A. W. Vkrball, 

LittD., Fellow of Trinity College, Cambridge. Svo. 7s. 6d. 
AGAMEMNON. With Translation. By A W. Vbrrall, Litt.D. Svo. 128. 
AGAMEMNON, CHOEPHORCB, AND BUMENIDBS. By A. O. Priokard, 

M.A., Fellow and Tutor of New College, Oxford. Svo. [In preparation, 

THE EUMENIDES. With Verse Translation. By Bernard Drakk, M.A. 

Svo. 5s. 

ANTONINUS, MARCUS AURELIUS.— BOOK IV. OF THB MEDITATIONS. 

With Translation. By Hastings Crossley, M.A. Svo. 6s. 
ARISTOTLE.— THE METAPHYSICS. BOOK I. Translated by a Cambridge 

Graduate. Svo. 5s. 
THE POLITICS. By R. D. Hicks, M.A., Fellow of Trinity College, Cambridge. 

Svo. [In the Press. 

THE POLITICS. Translated by Rev. J. B. C. Welldon, M.A., Headmaster of 

Harrow. Cr. Svo. 10s. 6d. 
THB RHETORIC. Translated by the same. Cr. Svo. 7s. 6d, 
AN INTRODUCTION TO ARISTOTLE'S RHETORIC. With Analysis, Notes, 

and Appendices. By B. M. Cops, Fellow and late Tutor of Trinity College, 

Cambridge. Svo. 14s. 
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THB ETHICS. Tnmslated'by Bev. J. B. G. Wklldon, M.A. Or. 8yo. 

[In pr^^raHon. 

THE SOPHISTIGI BLENGHI. With TianslAtlon. By B. Fobte, M.A., FeUow 
of Oriel Gollege, Oxford. 8yo. 88. 6d. 
ARISTOPHANES.— THE BIRDS. Translated into Englisli Verse. By B. H. 
ExNinEDY, D.D. Or. 8yo. 6s. Help Notes to the Same, for the Use of 
Students. Is. 6d. 

ATTIO ORATORS.— FROM ANTIPHON TO ISAEOS. By R. G. Jebb, LittD., 
Regius Professor of Greek in the University of Gambridge. 2 vols. Svo. 26s. 

BABRIUS.— With Lexicon. By Rev. W. G. Rxtthbbfobd, M.A., LL.D., Head- 
master of Westminster. 8vo. 12s. 6d. 

CICERO.— THE AGADEMIOA. By J. S. Reio, Litt.D., Fellow of Gains Gollege, 
Cambridge. 8vo. 16s. 

THB ACADEMICS. Translated by the same. 8vo. 6s. 6d. 

SELECT LETTERS. After the Edition of Albert Watson, M.A. Translated 

by O. E. Jeans, M. A., Fellow of Hertford College, Oxford. Cr. Svo. 10s. 6d. 
EURIPIDBS.— MEDEA. Edited by A. W. Verrall, Litt.D. 8vo. 7s. 6d. 
IPHIGBNLA IN AULIS. Edited by E. B. England, M.A. Svo. [In the Press. 
INTRODUCTION TO THB STUDY OF EURIPIDBS. By Professor J. P. 

Mahaitt. Fcap. Svo. Is. 6d. {Classical Writers). 
HERODOTUS.- BOOKS L-IIL THB ANCIENT EMPIRES OF THB EAST. 

Edited by A. H. Satob, Deputy-Professor of Comparative Philology, Oxford. 

Svo. 16s. 
BOOKS IV.-IX. Edited by R. W. Magan, M. A., Lecturer in Ancient History at 

Brasenose Gollege, Oxford. Svo. [In pre/parcAion. 

THB HISTORY. Translated by Q. G. Maoaulay, M.A. 2 vols. Cr. Svo. ISs. 

HOMER.— THB ILIAD. By Walter Leaf, LittD. Svo. Books I.-ZII. 14s 
Books XIII.-XXIV. Us. 
THB ILIAD. Translated into English Prose by Andrew Lang, M.A., Walter 
Leaf, LittD., and Ernest Mtebs, M.A. Cr. Svo. 12s. 6d. 

THB ODYSSEY. Done into English by S. H. Butcher, M.A., Professor of 
Greek in tiie University of Edinburgh, and Andrew Lano, M.A. Cr. Svo. 6s. 

INTRODUCTION TO THB STUDY OP HOMER. By the Right Hon. W. B. 
Gladstone. ISmo. Is. {Literature Primers.) 

HOMERIC DICTIONARY. Translated from the German of Dr. G. Autenrieth 
by R. P. Keep, Ph.D. Illustrated. Cr. Svo. 6s. 

HORACE.— Translated by J. Lonsdale, M.A., and S. Lee, M.A. Gl. Svo. 8s. 6d. 

STUDIES, LITERARY AND HISTORICAL, IN THB ODES OF HORACE. 

By A. W. Verrall, LittD. Svo. Ss. 6d. 
JUVENAL.— THIRTEEN SATIRES OP JUVENAL. By John B. B. Mayor, 

M.A., Professor of Latin in the University of Gambridge. Cr. Svo. 2 vols. 

10s. 6d. each. Vol. I. 10s. 6d. VoL II. 10s. 6d. 

THIRTEEN SATIRES. Translated by Alex. Leeper, M.A., LL.D., Warden of 
Trinity Collie, Melbourne. Cr. Svo. 8s. 6d. 

KTBSIAS.— THB FRAGMENTS OF THE PBRSIKA OF KTESIAS. By John 
GiLMORE, M.A. Svo. Ss. 6d. 

LIVY.— BOO?S I.-IV. Translated by Rev. H. M. Stephenson, M.A. 

[In prffpa/ratUm. 
BOOKS, XXI.-XXV. Translated by A. J. Church, M.A., and W. J. Brodribb, 
M.A. Cr. Svo. 78. 6d. 

INTRODUCTION TO THE STUDY OF LIVY. By Rev. W. W. Capes, M.A. 
Fcap. Svo. Is. 6d. (Classical Writers.) 

MARTIAL.— BOOKS I. and U. OF THB EPIGRAMS. By Prof. John B. R 
Mayor, M.A. Svo. [In the Press. 

PAUSANIAS.— DESCRIPTION OF GREBCB. Translated with Commentary 
by J. G. Frazsr, M. A., Fellow of Trinity Gollege, Gambridge. 

[In preporotton. 



PHBT1I1UUU8.— THE NBW PHRTNIGHUS ; bdnff a BeviMd Text of tflie Bdo^ 

of the GranunArtAn FhrynlchuB. With Introdactfon and Oommentary by Bar. 

W. O. BuTHXEVOK), M. A., LL.D., Headmaster of Westminster. 8to. 18b. 
PINDAR.-THB BXTANT ODES OF PINDAR. Translated by XufKr Mtxbs, 

M.A. Cr. 8vo. 58. 
TEUB OLYMPIAN AND PTTHIAN ODBS. Edited, with an IntrodnctoiT 

Essay, hy Basil Oildbbslbsvs, Professor of Greek in the Johns Hopkliu 

University, U.S.A. Cr. 8to. 7s. 6d. 
THE NEMEAN ODSa By J. B. Bubt, M.A., Fellow of Trinity College, 

Dablin. 8vo. [In the Press. 

PLATO.— PHiBDO. By B. D. Abohxb-Hhid, M.A., Fellow of Trinity OoUege, 

Osmbridge. 8vo. 8s. 6d. 
PHiBDO. By W. D. Gcddb, LL.D., Principal of the UnlTersity of Aberdeen. 

8to. 8s. 6d. 
TIMAEUS. With Tnnslatlon. By R. D. Asohxb-Hind, M.A. 8to. 10a. 
THE REPUBLIC OF PLATO. Translated by J. Ll. Davibb, M.A., and D. J. 

Vauohak, M.A. 18mo. 4s. 6d. 

EUTHTPHRO, APOLOGT, CRITO, AND PKfiDO. Translated by F. J. 

Chttroh. Itaio. 4s. 6d. 
PHADRUS, LTSIS, AND PROTAGORAS. Translated by J. Wkiqrt, M.A 
18mo. 4s. 6d. 
PLAUTUS.— THE MOSTBLLARIA. By William Rambat, M.A. Edited by 
G. G. Ramsat, M.A., Professor of Hamanity in the Uniyersily of Glasgow. 
8yo. 14s. 
PLINT.-CORRBSPONDBNCE WITH TRAJAN. 0. Plinil Oaecilii Secnndi 
Epistals ad Traianmn Imperatorem cum Eiusdem Responsls. By E. G. 
Hardt, M.A. 8vo. lOs. 6d. 
POLTBIUS.— THE HISTORIES OF POLYBIUS. Tnuislated by B. & Shuck- 

BX7BOH, M.A. 2 vols. Cr. 8vo. 248. 
SALLUST.— OATIMNE AND JUGURTHA. Translated by A. W. Pollabd, B.A 

Cr. 8vo. 68. THE CATILINE (separately). 8s. 
SOPHOOLES— GBDIFUS THE KING. Translated into English Verse by B. D. A 

MoRSHXAD, M.A., Assistant Master at Winchester. Fcap. 8vo. 8s. 6d. 
TA0ITU8.— THE ANNALS. By G. O. Holbrooke, M.A., Professor of Latin in 
Trinity College, Hartford, U.S.A. With Maps. 8vo. 16s. 
THE ANNA1J3. Translated by A. J. Church, M.A., and W. J. Brodribb, M.A 

With Maps. Cr. 8vo. 7s. 6d. 
THE HISTORIES. By Rev. W. A. Spookeb, M.A., Fellow of New Oollege, 
Oxford. 8vo. [In Ae Pnss. 

THE HISTORY. Translated by A. J. Church, M.A., and W. J. Brodribb, 

M.A. With Map. Cr. 8vo. 6s. 
THE AGRICOLA AND GERMANY, WITH THE DIALOGUE ON ORATORY. 
Translated by A. J. Church, M.A., and W. J. Brodribb, M.A. With Maps. 
Cr. 8vo. 4s. 6d. 
INTRODUCTION TO THE STUDY OF TACITUS. By A. J. CHtTROH, M.A., 
and W. J. Brodribb, M.A. Fcap. Svo. Is. 6d. (Okuticai Writen,) 
THEOCRITUS^ BION, AND MOSOHUS. Translated by A. Lahg, M.A. 18mo 
4s. 6d. 

*^^* Also an Edition on Large Paper. Cr. 8vo. Os. 
THUOTDIDBS.— BOOK IV. A Revision of the Text, Illastrating the Principal 
Causes of Corruption in the Manuscripts of this Author. By Rev. W. G. 
RuTHSRFORD, M. A., LL.D., Headmaster of Westminster. 8vo. 7s. 6d. 
BOOK VIIL By H. C. Goodhart, M.A., Fellow of Trinity College, Cambridge. 

[In (h€ Press. 
VIRGIL.— Translated by J. Lonsdale, M.A., and S. Lss, M.A. Gl. 8vo. Ss. 6d. 
THE JENEID. Translated by J. W. Mackail, M.A., Fellow of Balliol College, 
Oxford. Cr. 8vo. 7s. 6d. 
XENOPHON.— Translated by H. G. Daktks, M.A. In four vols. Vol. I., con- 
taining "The Anabasis" and Books I. and II. of "The Hellenica." Cr. 8va 
10s. 6cL [VoL IL in ths Fnss, 



GRAMMAR, CX)MPOSITION, AND PHILOLOGY 9 

GiRATVnVTAR, COMPOSITION, Ss PHILOLOGY. 

BEL0HEB.-SHORT EXBBOISBS IN LATIN PROSE COMPOSITION AND 

EXAMINATION PAPERS IN LATIN ORAMMAR. Part L By Rey. H. 

Bklchxb, LL.D., Rector of the High School, Dunedin, N.Z. ISmo. Is. 6d. 
KEY, for Teachers only. lamo. 88. 6d. 
Fart II., On the Syntax of Sentences, with an Appendix, including EXERCISES 

IN LATIN IDIOMS, etc. 18mo. 28. KEY, for Teachers only. 18mo. 8s. 
BLAOKIE.— GREEK AND ENGLISH DIALOGUES FOR USE IN SCHOOLS 

AND COLLEGES. By John Stuabt Blackis, Emeritos Professor of Greek 

in the University of Edinburgh. New Edition. Fcap. 8yo. 28. 6d. 
BBYANS.— LATIN PROSE EXERCISES BASED UPON CAESAR'S GALLIC 

WAR. With a Classification of CsBsar's Chief Phrases and Grammatical Notes 

on Ceesar's Usages. By Cuocknt Brtans, M.A., Assistant Master at Dnlwich 

College. Ex. fcap. 8vo. 28. 6d. KEY, for Teachers only. 4s. 6d. 
GREEK PROSE EXERCISES based upon Thucydides. By the same. \ 

[In preparaHon, 
000K80N.— A LATIN SYNTAX. By Christopher Cookson, M.A., Assistant 

Master at St. Paul's School. Svo. [In prepa/raHoiu 

OOBNELL UNIVERSITY STUDIES IN CLASSICAL PHILOLOGY. Edited by 

L Fuloo, W. G. Halb, and B. I. Whbelkr. I. The ClTJIf -Constructions : their 

History and Functions. ByW. G.Halk. Part 1. CriticaL Is. 8d.nett. Part 

2. Constructive. 8s. 4d. nett. II. Analogy and the Scope of its Application 

in Laiu:uage. By B. I. Whxxlxr. Is. 8d. nett 
BIOKE.— FIRST LESSONS IN LATIN. By K. M. Eiokx, B.A., Assistant Master 

at Oundle SchooL GL 8yo. 2s. 6d. 
ENGLAND.— EXERCISES ON LATIN SYNTAX AND IDIOM. ARRANGED 

WITH REFERENCE TO ROBY'S SCHOOL LATIN GRAMMAR. By B. 

B. Enolaxd, Assistant Lecturer at the Owens College, Victoria University, 

Manchester. Cr. Svo. 2s.- 6d. KEY, for Teachers only. 2s. 6d. 
GILES.— A MANUAL OF GREEK AND LATIN PHILOLOGY. By P. Gilis, 

M.A., Fellow of Gonville and Cains College, Cambridge. Cr. Svo. 

[In the Press, 

GOODWIN.- Works by W. W. Goodwin, LL.D., D.C.L., Professor of Greek in 

Harvard University, U.S.A. 
SYNTAX OF THE MOODS AND TENSES OF THE GREEK VERB. New 

Ed., revised and enlarged. Svo. 14s. 
A GREEK GRAMMAR. Cr. Svo. 6s. 
A GREEK GRAMMAR FOR SCHOOLS. Cr. Svo. 8s. 6d. 
GREENWOOD.— THE ELEMENTS OF GREEK GRAMMAR. Adapted to the 

System of Crude Forms. By J. G. Greenwood, sometime Principal of the 

Owens College, Manchester. Cr. Svo. 5s. 6d. 
BADLEY AND ALLEN.— A GREEK GRAMMAR FOR SCHOOLS AND 

COLLEGES. By James Hadley, late Professor in Yale College. Revised 

and in part rewritten by F. dx F. Allen, Professor in Harvard CoUege. 

Cr. Svo. 6s. 
HODGSON.— MYTHOLOGY FOR LATIN VERSIFICATION. A brief sketch of 

the Fables of the Ancients, prepared to be rendered into Latin Verse for 

Schools. By F. Hodgson, B.D., late Provost of Eton. New Ed., revised by 

F. C. Hodgson, M.A. ISmo. 8s. 
JACKSON.— FIRST STEPS TO GREEK PROSE COMPOSITION. By Blomfixld 

Jackson, M.A., Assistant Master at King's College School. ISmo. Is. 6d. 

KEY, for Teachers only. ISmo. 8s. 6d. 
SECOND STEPS TO GREEK PROSE COMPOSITION, with Miscellaneous 

Idioms, Aids to Accentuation, and Examination Papers in Greek Scholarship. 

By the same. ISmo. 2s. 6d. KEY, for Teachers only. ISmo. 8s. 6d. 
KYNASTON.— EXERCISES IN THE COMPOSITION OF GREEK IAMBIC 

VERSE by Translations from English Dramatists. By Rev. H. Ktnaston, 

D.D., Professor of Classics in the University of Durluun. With Vocabuluy 

Ex. fcap. Svo. 5s. 
KEY, for Teachers only. Ex. fcap. 8yo. 4s. 6d. 
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LUFTOir.>-AN INTBODUOnON TO LATIN ELEGIAC VBBSB OOMFOei 
TION. By J. H. Luptoit, Snr-Haster of St Paul's SchooL OL 8vo. . 2& 6d. 

KBT TO PART IL (XXV.— 0.) OL 8vo. 8s. 6d. 

AN INTBODUCmON TO LATIN LTRIO VBBSB GOMPOSITION. By ^ 
same. Ol. 87a 8s. KBT, for Teachers only. GL 8to. 4s. 6(L 

MAOKIB PARALLBL PASSAGES FOB TBANSLATION INTO OBBBK 

AND ENGLISH. With Indexes. By Bey. Blub G. Mackix, H.A., Classical 
Master at Heyendiam Grammar SchooL GL 870. 4s. Od. 

ICAOMILLAN.— FIBST LATIN GBAMMAB. By M. G. IfACMiujLir, H.1 

Feap. 8vo. Is. ed. 
MAOMILLAN'S GBBEX 00UB8B.— Bdited by Bey. W. G. Buthxbtord, M.A., 
LL.D., Headmaster of Westminster. GL 8yo. 
FIBST OBEEK GBAMMAB— AGOIDBNCE. By the Editor. 28. 
FUtST GBEBE GBAMMAB^-SYNTAZ. By the same. 2s. 
, AGOIDBNCE AND SYNTAX. In one volume. Ss. 6d. 

BAST BXEBGISES IN GREEK ACCIDENCE. By H. G. Undkrhiix, M.A, 

Assistant Master at St. Paul's Preparatory SchooL 2s. 
A SECOND GREEK EXERCISE BOOK. By Bey. W. A. Hiubi>, M.A, 

Headmaster of Fettes College, Edinburgh. 2s. 6d. 

MANUAL OF GBEEK ACCIDENCE. By the Editor. [In preparation. 

MANUAL OF GBEEK SYNTAX. By the Editor. [In prepanOion. 

ELEMENTABY GREEK COMPOSITION. By the Editor. [In preparatioti. 

ICAOMILLAN'S GBBEK READEB.— STOBIES AND LEGENDS. A First Greek 

Beader, with Notes, Vocabulary, and Exercises. By F. H. Coibon, M.A, 

Headmaster of Plymouth College. GL 8yo. Ss. 

MAOMILLAN'S LATIN COUBSE.— By A. M. Cook, M.A., Assistant Master at 
St Paul's SchooL First Part. GL 8vo. Ss. 6d. Second Part 28. 6d. 

[Third Part in pre^pairatwiL 

MAOMILLAN'S SHOBTEB LATIN COURSE.—^ A. M. Cook, M.A. Being an 
abridgment of "Macmillan's Latin Course," First Part. GL 8vo. Is. 6d. 

ICAOMILLAN'S LATIN READER.— A LATIN READER FOR THE LOWEB 
FORMS IN SCHOOLS. By H. J. Hakdy, M.A., Assistant Master at Win- 
chester. GL 8yo. 2s. 6d. 

MARSHALL.- A TABLE OF IRREGULAR GREEK VERBS, classified according 
to the arrangement of Curtius's Greek Grammar. By J. M. MAitawATT.^ M.A., 
Headmaster of the Grammar School, Durham. 8vo. Is. 

ICAYOR.— FIRST GREEK READER. By Prof. John E. B. Mayor, M.A., Fellov 
of St. John's College, Cambridge. Fcap. 8vo. 4s. 6d. 

ICAYOB.- GREEK FOR BEGINNERS.— By Rev. J. B. Mayor, M.A., late 

Professor of Classical Literature in King's Collie, London. Part L, witb 

Vocabulary, Is. fid. Parts II. and III., with Vocabulary and Index. Fcap. 

8yo. 8s. 6a. Complete in one Vol. 4s. 6d. 
NIXON.— PARALLEL EXTRACTS, Arranged for Translation into EngUsh and 

Latin, with Notes on Idioms. By J. B. Nixon, M.A., Fellow and Classical 

Lecturer, King's College, Cambridge. Part I. — Historical and Epistolary. 

Cr. 8vo. 8s. 6a. 
PBOSE EXTRACTS, Arranged for Translation hito English and Latin, with 

General and Special Prefaces on Style and Idiom. By the same. I. Oratorical. 

II. Historical. III. PhilosophicaL IV. Anecdotes and Letters. 2d Ed., 

enlai:ged to 280 pp. Cr. 8yo. 4s. 6d. 
SELECTIONS FROM PROSE EXTRACTS, including Easy Anecdotes and 

Letters and Notes and Hints. By the same. 120 pp. 8s. 
Translations of about 70 Extracts can be supplied to Schoolmasters (2s. 6d.), 

on application to the Author : and about 40 similarly of "Parallel Extracts," 

Is. 6d. post free. 
PANTIN.— A FIRST LATIN VERSE BOOK. By W. E. P. Pantin, M.A., 

Assistant Master at St Paul's SchooL GL 8yo. Is. 6d. 

PEILE.— A PRIMER OF PHILOLOGY. By J. Pkiub, litt D., Master of Christ's 
College, Cambridge. 18mo. Is. 
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POSraATE.— SBBMO LATmUB. A short Guide to Latin Prose Ck>inposition. 

By- Frol J. F. Postqatk, Lit&D., Fellow of Trinity College, QCmbridge. Gl. 

Syo. 28. 6d. EST to " Selected Passages." GL 8vo. 8s. 6d. 
POBTOATE AND VINOE.— A DICTIONARY OP LATIN BTTMOLOGY. By 

J. P. PosTOATS and C. A. V ikcsl [In prepcuroHon. 

POTTS.— HINTS TOWARDS LATIN PROSB COMPOSITION. By A. W. Pottb, 

M.A., LL.D., late Fellow of St John's College, Cambridge. Bz. fcap. Svo. 8s. 
PASSAGES FOR TRANSLATION INTO LATIN PROSB. Edited with Notes 

and References to the above. Ex. fcap. Svo. 28. 6d. KEY, for Teachers only. 

2s. 6d. 

PRESTON.— EXERCISES IN LATIN VERSE OF VARIOUS KINDS. By Rev. 

G. Preston. GL 8vo. 2s. 6d. KEY, for Teachers only. GL Svo. 58. 

BEID.— A GRAMMAR OF TAOITUa By J. S. Rsro, Litt D., Fellow of Cains 

Coll^^, Cambridge. [In the Pros. 

A GRAMMAR OF VIRGIL. By the same. [In preparatUm. 

BOBY.— Works by H. J. Robt, M.A., late Fellow of St John's College, Cambridge. 

A GRAMMAR OF THE LATIN LANGUAGE, from Plantns to Suetonins. Part 

I. Sounds, Inflexions, Word-formation, Appendices. Cr. Svo. 98. Part II. 

Syntax, Prepositions, etc lOs. 6d. 

SCHOOL LATIN GRA MM AR. Cr. Svo. 6s. 

BUSH.— SYNTHETIC LATIN DELECTUS. With Notes and Vocabulary. ByE. 

Rush, B.A. Ex. fcap. Svo. 28. 6d. 
RUST.— FIRST STEPS TO LATIN PROSB COMPOSITION. By Rev. G. Rust, 

M.A. ISmo. Is. 6d. KEY, for Teachers only. By W. M. Yatss. ISmo. 

8s. 6 d. 
BUTHEBFOBD.— Works by the Bev. W. G. Bxtthsrfobd, M.A., LL.D., Head- 
master of Westminster. 
REX LEX. A Short Digest of the principal Relations between the Latin, 

Greek, and Anglo-Saxon Sounds. Svo. [In preparcUion. 

THE NEW PHRYNICHUS ; being a Revised Text of the Edoga of the Gram. 

marian Phrynichus. With Introduction and Commentary. Svo. ISs. (See 

also MaomiUan't Ortek Cov/ne.) 
SHUOKBUROH.— PASSAGES FROM LATIN AUTHORS FOR TRANSLATION 

INTO ENGLISH. Selected with a view to the needs of Candidates for the 

Cambridge Local, and Public Schools' Examinations. By B. S. Shuokbuboh, 

M.'A. Cr. Svo. 2s. 

SIMPSON. — LATIN PROSE AFTER THE BEST AUTHORS: Caesarian Prose. 
By F. P. Simpson, B.A. Ex. fcap. Svo. 2s. 6d. KEY, for Teachers only. 
Ex. fcap. Svo. 6s. 

STBACHAN AND WILKINS.— ANALECTA. Selected Passages for Translation. 
By J. S. Straoham, M.A., Professor of Greek, and A. S. Wzlkihb, Litt D., 
Professor of Latin in the Owens College, Manchester. Cr. 8vo. 58. 

THBING.— Works by the Rev. B. Thbino, M.A., late Headmaster of Uppingham. 
A LATIN GRADUAL. A First Latin Construing Book for Beginners. With 
Coloured Sentence Maps. Fcap. Svo. 2s. 6d. 

A MANUAL OF MOOD CONSTRUCTIONS. Fcap. Svo. Is. 0d. 
WELCH AND DUFFIELD. — LATIN ACCIDENCE AND EXERCISES AR- 
RANGED FOR BEGINNERS. By W. Welch and C. G. Duffield, 
Assistent Masters at Cranleigh SchooL ISmo. Is. 6d. 

WHITE.— FIRST LESSONS IN GREBE. Adapted to Goodwin's Greek Gram- 
mar, and designed as an introduction to the Anabasis of Xenophon. By 
John Williams White, Assistant-Professor of Greek in Harvard University, 
U.S.A. Cr. Svo. 4s. 6d. 

WRIGHT.— Works by J. Wrioht, M.A., late Headmaster of Sutton Coldfleld 
School. 

A HELP TO LATIN GRAMMAR ; or, the Form and Use of Words in Latin, 
with Progressive Exercises. Cr. Svo. 4s. 6d. 

THE SEVEN KINGS OF ROME. An Easy Narrative, abridged from the First 
Book of Livy by the omission of Difficult Passages ; being a First Latin Read- 
ing Book, with Grammatical Notes and Vocabufiuy. Fcap. Svo. 8s. 6d. 
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FIBST LATIK 8TBF8; or, AN INTRODUGTIOK BY A SBRIB8 OF 
BXAMPEBS TO THB STUDT OF THB LATIN LANGUAGE. Cr. 8vo. 8s. 

ATTIC PRIMBB. Arrmnged for the Um of Begiimen. Ex. fcap. 8m 
8t.6d. 

A COMFLBTB LATIN COUBSB, comprlBing Rnles with Bzamples, B;zercises, 
both Latin and Bngliah, on each Bule, and voeabolaries. Cr. 8vo. 2s. 6d. 

ANTIQUITIES, ANCIENT HISTORY, ANI> 

PHILOSOPHY. 

ABNOLD.—A HANDBOOK OF LATIN EPIGRAPHT. By W. T. Abkou), 

M.A. [In preparotioA. 

THB ROMAN STSTBM OF PROVINCIAL ADMINISTRATION TO THE 

ACCESSION OF GONSTANTINE THE GREAT. By the same. Cr. Svo. 68. 
ABNOLD.— THE SECOND PUNIC WAR. Being Chapters from THE HISTOBT 

OF ROME by the late Thomab Abnold, D.D., Headmaster of Bugby. 

Edited, with Notes, by W. T. Abnold, M.A. With 8 Maps. Cr. Sro. Ss. 6d. 
BEB8LT.— STORIES FROM THE HISTORT OF ROME. By Mrs. Bkklt. 

Fcap. 8vo. 2s. 6d. 

BURN.— ROMAN LITERATURE IN RELATION TO ROMAN ART. By Rev. 
RoBB&T BuBK, M.A., late Fellow of Trinity College, Cambridge. lUastrated. 
Ex. cr. 8vo. 14s. 

BUBT.— A HISTORT OF THE LATER ROMAN EMPIRE FROM ARCADIUS 
TO IRENE, A.D. 895-800. By J. B. Bubt, M.A., Fellow of Trinity Oollege, 
Dublin. 2 vols. 8yo. 82s. 
OLASSIOAL WRITEB8.— Edited by John Bichabd Gbxbh, M.A., LL.D. F^p. 
8vo. Is. ed. each. 
SOPHOCLES. By Prof. L. Campbxll, M.A. 
EURIPIDES. By Prof. Mahafft, D.D. 
DEMOSTHENES. By Prof. S. H. Bittohbb, M.A. 
VIRGIL. By Prof. Nettlbship, M.A. 
LIVT. By Rev. W. W. Capes, M.A. 

TACITUS. By Prof. A. J. Chubch, M.A., and W. J. Bbodbibb, M.A. 
MILTON. By Rev. Stoptobd A. Bbookb, M.A. 
FREEMAN.— Works by Edward A. Fbxbman, D.C.L., LL.D., Regius Professor of 
Modem History in the University of Oxford. 
HISTORT OF ROME. (HiHoriad Cov/rse /or SchooU.) 18mo. [In prepanUwn. 
HISTORT OF GREECE. (Hutorical (Jov/ne M Schools.) 18mo. [In prepanxtion. 
A SCHOOL HISTORT OF ROME. Cr. 8vo. [In prapottUion. 

HISTORICAL ESSATS. Second Series. [Greek and Roman History.] 8vo. 
lOs. 6d. 
PTPFB.— A SCHOOL HISTORT OF GREECE. By C. A, Ptffe, M.A. Or. 8vo. 

[In preparation. 

GARDNER.— SAMOS AND SAMIAN COINS. An Essay. By Pbboy Gabdnbb, 

Litt.D., Professor of Archseology in the University of Oxford. With lUostn- 

tions. 8vo. 7s. 6d. 

GEDDB8.— THE PROBLEM OF THB HOMERIC POEMS. By W. D. Gbddu, 

Principal of the University of Aberdeen. 8vo. lis. 
GLADSTONE.- Works by the Rt. Hon. W. E. GLADsromB, M.P. 
THB TIME AND PLACE OF HOMER. Cr. 8vo. Cs. 6d. 
A PRIMER OF HOMER. 18mo. Is. 
GOW.— A COMPANION TO SCHOOL CLASSICS. By Jambs Gow, LitiD., 
Master of the High School, Nottingham. With Dlustrations. 2d Ed., revised. 
Cr. 8vo. 6s. 
HARRISON AND VERRALL.— MTTHOLOGT AND MONUMENTS OF ANCIENT 
ATHENS. Translation of a portion of the "Attica" of Pansanias. By 
Maboabbt db G. Vbbbaix. With Introductory Essay and Archeeologicid 
Commentary by Janb B. Habbison. With lUnstrations and Plans. C^. 
8vo. 168. 
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JBBB.— Works by B. G. Jbbb, Litt.D., Professor of Greek in the Uniyerslty of 

Cambridge. 

THB ATTIO ORATORS FROM ANTIFHON TO ISABOS. 2 vols. 8yo. 26*. 
A PRIMBR OF ORBBE LITERATURE. 18mo. Is. 

(See also Clauicdl Series.) 
KIEPEBT.— MANUAL OF ANGIBNT GEOGRAPHY. By Dr. H Kik- 

PBBT. Cr. 8yo. 6s. 
LAHOIANI.— ANGIBNT ROMB IN THB LIGHT OF REGENT DIBOOYERIBS.— 
By RoDOLFO Lanoiani, Professor of Archssology fix the Unlyersity of Rome. 
lU nstra ted. 4to. 24s. 
MAHAFFT.— Works by J. P. Mahaitt, D.D., Fellow of Trinity Gollege, Dublin, 
and Professor of Ancient History in the University of Dublin. 
SOCIAL LIFE IN GRBBOB ; firom Homer to Menander. Gr. 8to. Os. 
GRBBK LIFB AND THOUGHT; firam the Age of Alexander to the Roman 

Conquest. Gr. 8yo. 12s. 6d. 
THB GREBE WORLD UNDER ROMAN SWAT. From Plutarch to Polybius. 
Cr. Bvo. [In ike Press, 

RAMBLES AND STUDIES IN GREECE. With Illustrations. With Map. Ot 

Svo. lOs. 6d. 
A HISTORY OF CLASSICAL GREBE LITBRATURB. In 2 vols. Cr. 8vo. 
Vol. L The Poets, with an Appendix on Homer by Prof. Satgb. 98. VoL 
U. The Prose Writers. In two parts. 
A PRIMER OF GREBE ANTIQUITIES. With Illustrations. 18mo. Is. 
BURIPIDBS. 18mo. Is. 6d. (Classiedl Writers.) 
MATOB.— BIBLIOGRAPHICAL CLUB TO LATIN LITBRATURB. Edited 
after HObnkr. With large Additions. By Prof. John B. B. Matob. Gr. 8to. 
lOs. 6d. 
NEWTON.— ESSAYS IN ART AND ARCHJEOLOGY. By Sir Chablbs Newton, 

E.C.B., D.C.L. 8vo. 12s. 6d. 

SAYOE.— THE ANCIENT EMPIRES OF THE EAST. By A H. Satcx, M.A, 

Deputy-Professor of Comparative Philosophy, Oxford. Gr. 8vo. 6s. 
8HU0EBUBGH.— A SCHOOL HISTORY OF ROME. By B. S. Shuokbuboh, 

M. A Cr. 8vo. [In prepartOUm. 

STEWART.— THB TALE OF TROY. Done into English by Aubbbt Stbwabt. 

Gl. 8vo. 8s. 6d. 
WALD8TEIN.— CATALOGUE OF CASTS IN THB MUSEUM OF CLASSICAL 
ARCHfiOLOGY, CAMBRIDGE. By Chablss WALDsram, University Reader 
in Classical Archnology. Cr. 8vo. Is. 6d. 

*«* Also an Edition on Laige Paper, small 4to. 6s. 
WILKIN8.— Works by Prof. Wiuuira, Litt.D., LL.D. 
A PRIMBR OF ROMAN ANTIQUITIES. Illustrated. 18mo. Is. 
A PRIMBR OF ROMAN LITERATURE. 18mo. Is. 
WILKIN8 AND ARNOLD.- A MANUAL OF ROMAN ANTIQUITIES. By 
Prof. A. S. WiLKiNS, LittD., and W. T. Abnold, M.A. Cr. Svo. Dlustratedl 

[In prqKmUion. 

MODERN LANGUAGES AND 
LITERATURE. 

English ; Frendh ; German ; Modem QfreelL ; Italian ; SpanUh. 

ENGLISH. 

ABBOTT.— A SHAEBSPBARIAN GRAMMAR An Attempt to Illustrate some 

of the Differences between Elizabethan and Modem Bnglish. By the Rev. B. 

A. Abbott, D.D., formerly Headmaster of the City of London SchooL Ex. 

fcap. Svo. 68. 
BACON.- ESSAYS. With Introduction and Notes, by F. G. Selbt, M.A., Profes- 

sor of Logic and Moral Philosophy, Deccan College, Foona. GI. 8vo. 8s. 6d. 
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BUBKB.— BBFLBOnONS ON THB FRBNOH RByOLUTION. By tbe same. 

GL 8vo. [Jn Jvifi. 

BBOOKE.— FRIMBB OF BNOLISH LirBBATUBB. By B«t. Stofvobd A. 

Bbooks, M.A. 18mo. Ig. 

BARLT ENOLISH LITERATUBB. Bytheiame. 27ols. Svo. [In pnparatiM. 
BUTLBB.~HUDIBBAS. WitOi Introduction «nd Notes, by Alfbxd MiuiES, 

M.A. Bx. fcap. 8vo. Part I. Ss. 6d. Farts IL and UI. 4b. 6d. 
OAHFBELL.— 4SBIiBOnONS. With Introdnctlon and Notes, by Gccn. M. 

Babrow, M.A., Principal and Professor of Bngllsh and Classics, I>ovetoQ 

College, Madras. 6L 8vo. [In preparation. 

OOWPBB.— THB TASK : an Bpistle to Joseph HHI, Esq. ; TraodKrcTic, or a Be- 

yiew of the Schools ; and Tn Hibtobt or Johk Gilpik. Bdited, ¥rith Notes, 

by W. BsNHAif, B.D. GL 8to. Is. (Gfiobe Btadingt/rom Standard Auihon.) 
THB TASK. With Introduction and Notes, by F. J. Bows, M.A., and W. T. 

WxBB, M.A., Professors of Bnglish Literature, Presidency College, Calcntto. 

[iW prtpartUion. 
OOWDBN.— 8HAKBSPBRB. By Prof. Dowdxn. 18mo. Is. 
DBTDEN.— SBLEOT PBOSB WORKS. Bdited, with Introdnotton and Notes, by 

Prof. C. D. ToNOK. Fcap. Syo. 2s. 6d. 

GLOBE BEADEBS. For Standards L-VL Bdited by A. F. Mubxsov. ninstrated. 
GL 8vo. 



Primer I. (48 pp. 
Primer II. (48 pp. 
Book I. (06 pp. 
Book II. (186 pp.) 



3d. 
8d. 
6d. 
9d. 



Book IIL (282 pp.) Is. 3d. 

Book IV. (828 pp.) Is. 9d. 

Book V. (416 pp.) 28. 

Book YI. (448 pp.) 2s. 6d. 



«THE SHORTER GLOBE READERS.— Illustrated. GL 8vo. 



Primer I. (48 pp. 
Primer II. (48 pp. 
Standard I. (92 pp. 
Standard II. (124 pp.] 



8d. 
8d. 
6d. 
9d. 



Standard III. 
Standard IV, 
Standard V, 
Standard VI 



.hi 
.(2! 



78 pp.) Is. 

82 pp.) Is. 
216 pp.) Is. 8d. 
228 pp.) Is. 6d. 



* This Series has been abridged from " The Globe Readers " to meet the demand 
for smidler reading books. 

GOLDSMITH.— THB TRAVBLLBB, or a Prospect of Society ; and the Dssbrtkd 
YiLLAOJC With Notes, Philological and Explanatory, by J. W. Halbb, M.A 
Cr. 8vo. 6d. 
THB VICAR OF WAKEFIELD. With a Memoir of Goldsmith, by Prof. 
Massok. GL 8vo. 1b. {Olohe Readings from Stari^rd Authors.) 

SBLBCrr ESSAYS. With Introduction and Notes, by Prof. C. D. Yomoe. 

Fcap. Bvo. 2s. 6d. 
THB TRAVELLER AND THB DESERTED VILLAGE. With Introduction end 

Notes. By A. Babrett, B.A., Professor of English Literature, Elphinstone 

College, Bombay. GL 8vo. Is. 6d. 
THE VICAR OF WAKEFIELD. With Introduction and Notes. By H. Littlk- 

DAUB, B.A., Professor of History and English Literature, Baroda College. GL 

8vo. [In preparation. 

OOSSE.— A HISTORY OF EIGHTEENTH CENTURY LITERATURE (1660-1780). 
By Edmund Gossx, M.A. Cr. Svo. 7s. 6d. 

GRAY.— POEMS. With Introduction and Notes, by John Bbadshaw, LL.D. 
GL Svo. [In preparation. 

HALES.— LONGER ENGLISH POEMS. With Notes, Philological and Ezplana 
tory, and an Introduction on the Teaching of English, by J. W. Halxs, M.A., 
Professor of Bnglish Literature at EUng^s College, London. Ex. fcap. 8yo. 4s. 6d. 

HELPS.— ESSAYS WRITTEN IN THB INTERVALS OF BUSINESS. With 
Introduction and Notes, by F. J. Rowb, M.A., and W. T. Webb, M.A., 
GL 8vo. 28. 6d. 

JOHNSON.— LIVES OF THB POETS. The Six Chief Lives (MUton, Dryden, 
Swift, Addison, Pope, GrayX with Macaulay's " Life of Johnson." with Pre- 
face and Notes by Matthxw Arnold. Ch*. Svo. 4s. 6d. 
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UUffB.— TALES FBOM SUAKSPBABB. With Prefooe by the Rev. Canon 

Ap fQBR, M.A., UUP. OL Syo. 28. (CRale Baxdings /r(m, Stan(ktrd Authors.) 
Ln^BATURE PBIMBBS.— Edited by John Richard Orksn, LIi.D. ISmo. 

Is. each. 
BNOLISH GRAMMAR. By Rev. R. Mobbis, LL.D. 
ENGLISH GRAMMAR EXERCISES. By R. Morbib, LL.D., and H. a 

BowKN, M.A. 
EXERCISES ON MORRIS'S PRIMER OF ENGLISH GRAMMAR. By J. 

Wethsrsll, M.A. 
ENGLISH COMPOSITION. By Professor Nichol. 
QUESTIONS AND EXERCISES ON ENGLISH COMPOSITION. By Piof. 

NiOHOL and W. S. K'Cormick. 
ENGLISH LITERATURE. By Stoptord Brooks, M.A. 
8HAKSFERE. By Professor Dowden. 
THE CHILDREN'S TREASURY OF LYRICAL POETRY. Selected and 

arranged with Notes by Francis Turner Paloravs. In Two Parts. Is. each. 
PHILOLOGY. By J. Peiud, LittD. 
ROMAN LITERATURE. By Pro! A. a Wilkins, LittD. 
GREEK LITERATURE. By Prof. Jebb, LittD. 
HOMER. By the Rt Hon. W. B. Gladstone, M.P. 
A HISTORY OF ENGLISH LTTEBATURE IN FOUR VOLUMES. Cr. 8vo. 
EARLY ENGLISH LITERATURB. BySTOPFORDBROOKx,M.A. [In preparation, 
ELIZABETHAN LI TERA TURE. (1560-1665.) By George Saintsbury. 7s. 6d. 
EIGHTEENTH CENTX7RY LITERATURE. (1660-1780.) By Edmund Gossb, 

M.A. 7s. 6d. 
THE MODERN PERIOD. By Prot Dowden. [In preparation. 

MACMILLAN'S BEADING BOOKS. 



PRIMER. ISmo. 48 pp. 2d. 
BOOK I. for Standard I. 06 pp. 4d. 
BOOK U. for Standard II. 144 pp. 

5d. 
BOOK in. for Standard IH. 160 

pp. 6d. 



BOOK IV. for Standard IV. 176 pp. 
8d. 

BOOK V. for Standard V. 380 pp. 

Is. 
BOOK VI. for Standard VI. Cr. 8vo. 

480 pp. 2s. 

Book VI. is fitted for Higher Classes, and as an Introdaction to English Liter- 
ature. 

MAOMILLAN'S OGPY BOOKS.— 1. Large Post 4to. Price 4d. each. 2. Post 
Oblong. Price 2d. each. 

1. Initiatory Exercises and Short Letters. 

2. Words consisting or Short Letters. 

*8. Long Letters. With Words containing Long Letters— Figures. 

*4. Words containing Long Letters. 

4a. Practising and Revising Copy-Book. For Nos. 1 to 4. 

*5. Capitaub and Short Half-Tezt. Words beginning with a CapitaL 

♦6. Half-Tex:t Words beginning with Capitals-— Figures. 

*7. Small-Hand and Half-Text. With Capitals and Figures. 

*8. Small-Hand and Half-Text. With Capitals and Figures. 

8a. PRAcnsiNG AND REVISING CoPY-BooK. For Nos. 5 to 8. 

*9. Small-Hand Single Headlines — Figures. 

10. Small-Hand Single Headlines— Figures. 

11. Small-Hand Double Headlines — Figures. 

12. Commercial and Arithmetical Examples, &c. 

12a. Practisino and Revising Copy-Book. For Nos. 8 to 12. 
* These ntmbers may he had with Goodman's Patent Sliding Copies. Large Post 
4to. Price 6d. each. 

MARTIN.— THE POET'S HOUR: Poetry selected and arranged for Children. By 
Frances Martin. 18ino. 2s. 6d. 

SPRING-TIME WITH THE POETS. By the same. 18mo. 8s. 6d. 
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HILTOir.— PARADISB LOST. Books I. and n. With Introdnotioii and Notes, 

by MiOBASL Macmillav, B.A., Professor of Logic and Moral Philosophy, 

Biphinstone College, Bombay. OL 8vo. 2s. 6d. Or separate^, Is. 6d. each. 

L'ALLBGBO, IL PENSBBOSO LTGIDAS, ARGADBS, 80NNBTS, &c With 

Introduction and Notes, by W. Bsll, M.A., Professor of Philoaophy and 

Logic, Goyemment Oollege, Lahore. Gl. 8yo. 2s. 

COMUS. By the same. Gl. 8vo. Is. 6d. 

SAMSON AGONISTBS. By H. M. Pxbcival, M.A., Professor of English Liter- 

atore, Presidency College, Calcutta. Gl. 8yo. 2s. 6d. 
INTRODUCTION TO THE STUDY OP MILTON. By Sioptobd Bbooke, 
M.A. Fcap. 8yo. Is. 6d. (CUurical Writen.) 
MOBLET.— ON THE STUDY OF LITERATURE. Address to the Students of 
the London Society for the Extension of Uniyersity Teaching, dellyered at the 
Mansion Honse, February' 26, 1887. By John Moblet. Gl. 8yo, cloth. Is. 6(1. 
* Aim a Popular Edition in Pamphlet Jbrm for DistributioT^ price 2d. 
APHORISMS. Address deliyered before the Philosophical Society of Edinburcli, 
Noyember 11, 1887. By the same. Gl. 8yo. Is. 6d. 
MOBBIS.— Works by the Rey. R. Morbib, LL.D. 
PRIMER OF ENGLISH GRAMMAR. 18mo. Is 

ELEMENTARY LESSONS IN HISTORICAL ENGLISH GRAMMAR, con- 
taining Accidence and Word Formation. 18mo. 2s. 6d. 
HISTORICAL OUTLINES OF ENGLISH ACCIDENCE, comprising Chapters 
on the History and Deyelopment of the Language, and on Word Formation. 
Ex. fcap. 8yo. 6s. 
MORRIS AND EELLNEB.— HISTORICAL OUTLINES OF ENGLISH SYN- 
TAX. By Rey. R Morris and Dr. L. Eellneb. [In preparation. 
NIOHOL.— A SHORT HISTORY OF ENGLISH LITERATURE. By Prof. John 
NiCHOL. Gl. 8vo. [In prqoaration. 
OLIPHANT.— THE OLD AND MIDDLE ENGLISH. By T. L. Kingtox 
Oliphant. New Ed., reyised and enlarged, of "The Sources of Standard 
English." Gl. 8yo. 9s. 
THE NEW ENGLISH. By the same. 2 yols. Cr. 8yo. 21s.. 
PALGRAVB.— THE CHILDREN'S TREASURY OF LYRICAL POETRY. 
Selected and arranged, with Notes, by Francis T. PALORAys. ISmo. 2s. 6cL 
Also in Two Parts Is aacTi 

PATMORE.— THE CHILDREN'S GARLAND FROM THE BEST POETS. 

Selected and arranged by CoysNTBT Patmorb. GL 8yo. 2s. (62o5e Beadings 

from Standard Arttnors.) 
FLUTAROH. — Being a Selection from the Liyes which illustrate Shakespeare. 

Nortii's Translation. Edited, with Introductions, Notes, Index of Names, 

and Glossarial Index, by Prof. W. W. Skeat, Litt.D. Cr. 8yo. 6s. 
EANSOME.— SHORT STUDIES OF SHAKESPEARE'S PLOTS. By Cyril 

Ransoms, Professor of Modem History and Literature, Yorkshire College, 

Leeds. Cr. 8yo. Ss. 6d. > 
RYLAND.— CHRONOLOGICAL OUTLINES OF ENGLISH LITERATURB. 

By F. Rtland, M.A. Cr. 8yo. [In the Press. 

SAINTSBUBY.— A HISTORY OF ELIZABETHAN LITERATURB. 1560-1665. 

By George Saintsbury. Cr. 8yo. 7s. 6d. 
SCOTT.— LAY OF THE LAST MINSTREL, and THE LADY OF THE LAKE. 

Edited, with Introduction and Notes, by Francis Turner Paloraye. Gl. 8yo. 

Is. {Olohe Readings from Standard Authors.) 
THE LAY OF THE LAST MINSTREL. With Introduction and Notes, tby 

G. H. Stuart, M.A., Professor of English literature, I^sidency College, 

Madras. GL 8yo. Cantos I. to III. Is. 6d. Introduction and Canto 

I. 9d. 
MARMION, and THE LORD OF THE ISLES. By F. T. Paloraye. Gl. Syo. 

Is. (Oldbe Beadings from Standard AtUhors.) 
MARMION. With Introduction and Notes, by Michael Macmiulan, B.A 

Gl. 8yo. 8s. 6d. 
THE LADY OF THE LAKE. By G. H. Stuart, M.A. [In the Press. 
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BOKEBT. With Introduction and Notes, by Miooasl Macuillaw, B.A. 

GL 8vo. 8a. 6d. 
SHAKBSPBARB.— A SHAKBSFBABIAN GRAMMAR. B7 Rev. E. A. Abbott, 

D.D. GL 870. 6a. 
A SHAKBSPEARB MANUAL. By F. G. Flkat, M.A. 9d Ed. Ex. fcap. 8vo. 

4fl.6d. 
PRIMER OF SHAEESFERE. By Fn>f. Dowdbit. 18mo. Is. 
SHORT STUDIES OF SHAKESPEARE'S PLOT& By Otbil Ransoms, M.A. 

Or. 8to. 8s. 6d. 
THE TEMPEST. With Introduction and Notes, by E. Dbxohtok, late Principal 

of Agra OoUege. GL 8t o. Is . 6d. 
MUOH ADO ABOUT NOTHING. By the same. GL 8vo. 2s. 
THE MERCHANT OF VENICE. By the same. GL 8vo. Is. 6d. 
TWELFTH NIGHT. By the same. GL 8vo. Is. 6d. 
THE WINTER'S TALE. By the same. GL Svo. 2s. 6d. 
RIOHARD II. By the same. GL 8yo. [In Augugt. 

KING JOHN. By the same. GL 8yo. [InfrepanUion. 

HENRY V. By the same. GL 8yo. 28. 
RIOHARD m. By 0. H. Tawnbt, M.A., Principal and Professor of English 

Literature, Presidency Gollege, Calcutta. GL 8vo. 2s. 6d. 

JULIUS OSSAR. By K. Dbiohton. GL 8vo. 28. 
MACB ETH. By the same. GL Svo. Is. 6d. 
OTHELLO. By the same. GL 8yo. 2s. 6d. 
CTMBELINE. By the same. GL Svo. 2s. ed. 
SONNENSOHEIN AND MEIKLEJOHN.— THE ENGLISH METHOD OF 
TEACHING TO READ. By A. SoiniXNSCHEiH and J. M. D. Mbiklbjohv, 
M.A. Fcap. Svo. 

ooMPBiBiKO : 

THE NURSERT BOOK containing all the Two -Letter Words in the Lan- 

gnage. Id. (Also in Large Type on Sheets for School Walls. 6s.) 
THE FIRST COURSE, consisting of Short Vowels with Single Consonants. 7d. 

THE SECOND COURSE, with Combinations and Bridges, consisting of Short 

Vowels with Double Consonants. 7d. 
THE THIRD AND FOURTH COURSES, consisting of Long Vowels, and all 

the Double Vowels in the Language. 7dl 

SOUTHET.— LIFE OF NELSON. With Introduction and Notes, by Mxohabl 
Macmillan, B.A. GL Svo. 8s. 6d. 

TATLOR.— WORDS AND PLACES ; or, Etymological Illustrations of History, 
Ethnology, and Geography. By Rev. Isaao Tatlob, LittD. With Maps. 
GL Svo. 6b. 

TENNTSON.— THE COLLECTED WORKS OF LORD TENNTSON. An Edition 
for Schools. In Four Parts. Or. Svo. 2s. 6d. each. 

TENNYSON FOR THE YOUNG. Edited, with Notes for the Use of Schools, 
by the Rev. Altbbd Ainobb, LL.D., Canon of BristoL (/» prtporalion. 

SELECTIONS FROM TENNYSON. With Introduction and Notes, by F. J. 
Bowz, M.A., and W. T. Wbbb, M.A. GL Svo. Ss. 6d. 

This selection contains:— Recollections of the Arabian Nights, The Lady of 
Shalott. Oenone, The Lotos Eaters. Ulysses, Tithonus, Morte d' Arthur, Sir 
Galahad, Dora, Ode on the Deatn of the Duke of Wellington, and The 
Revenge. 

THRING.— THE ELEMENTS OF GRAMMAR TAUGHT IN ENGLISH. By 
Bdwabd Thbivq, M.A. With Questions. 4th Ed. ISmo. 2s. 

VAUGHAN.— WORDS FROM THE POETS. By C. M. Vauohak. ISmo. Is. 

WARD.— THE ENGLISH POETS. Selections, with Critical Introductions by 
various Writers and a General Introduction by Matthkw Abvoldw Edited 
by T. H. Wabd, M.A. 4 Vols. VoL I. Chaucbb to Donkb.— VoL IL Bbv 
J0H8OH to Dbtdbk.— VoL IIL Addisoh to Blakb.— VoL IV. Wobmwobtb 
TO RoosBTTi. Or. Svo. Each 78. 6d. 
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WBTBBBBLI..--SZBBGISB8 ON MORRIS'S PRIMBR OF 8NODISH ORAM- 
MAR. BjT JoHH Wbthuibx, M.A., Headmaater of Towoerter Orunmsr 
SehooL 16mo. li. 
WOODS.— ▲ FIRST POBTRT BOOK. By M. A Woom, Head Mistevaa of tbe 
Olifton High School for Oirla. Fcap. Sva 8b. 6<L 
A SBOOND POETRT BOOK By the aame. In two Parte. Sb. 6d. each. 
A THIRD POBTRT BOOK. By the eame. 4a. 6d. 
WORDSWORTH.— SBLBCriONa With Introduction and Notes, by Wzzjjam 
WoRDawonTH, B.A., Principal and Professor of History and Politleal Boonomy, 
Blphinstone Oollege, Bombay OL 8vo. [In prepanOton^ 

TOMOB.— A BOOK OF GOLDBN DBBDS. By Gha&lorb M. YowaK. GL 
8yo. 2s. 
THB ABRIDOBD BOOK OF GOLDBN DEBDS. ISmo. Is. 

FRENCH. 

BBAUMABOHAIB.— LB BARBIBR DB SBTILLB. With Introdnetiaii and 

Notes. By h. P. Bloust. Fcap. 8vo. Ss. 6d. 
BOWEN.— FIRST LBSSONS IN FRBNOH. By H. Gourthopb Bowbt, M.A. 

Bx. fcap. 8vo. Is. 
BBBTMANN.— Works by Hskmaiiv Brstmaxv, Ph.D., Professor of Philology in 

the University of Monich. 

A FRBNGH GRAMMAR BASED ON FHILOLOGIGAL PRINGIPLBa. Ex. 

fcap. 8vo. 48. 6d. 
FIRST FRBNGH EXBRGISB BOOK. Ex. fcap. 8vo. 4b. 6d. 
SEGOND FRBNGH EXBRGISB BOOK. Bx. fcap. 8vo. 2b. 6d. 
FASNAOHT.— Works by G. B. Fasnacht, late Assistant Master at Westminster. 
THB ORGANIG METHOD OF STUDYING LANGUAGES. Bx. fcap. Sro. I. 

French. 8s. 6d. 
A STNTHBTIG FRENGH GRAMMAR FOR SGHOOI& Gr. Syo. 8a. 6d. 
GRAMMAR AND GLOSSARY OF THB FRENGH LANGUAGE OF THS 

SEVENTEENTH GENTURY. Gr. 8vo. [In prepainUwn. 

]CAOMILLAH*S PRIMARY SERIES OF FRENCH READING BOOKS.~Edited by 

G. B. Fasvacht. With lUnstrations, Notes, Vocabularies, and Byif»rrt»«A« 

Gl. 8vo. 
OORNAZ—NOS ENFANTS ET LEURS AMIS. By Edith Habtkt. Is. 6d. 
DB MAISTRE— LA JEUNE SIB&RIENNB ET LB IJSPRBUZ DB LA CITft 

D'AOSTB. By Stbphaks Bablst, B.Sc Ac Is. 6d. 
FLORIAN— FABLES. By Rey. Ghables Yxld, M. A. , Headmaster of Universit; 

School, Nottingham. Is. ed. 

LA FONTAINB—A SELEGTION OF FABLES. By L. M. Mobiabtt, &A, 

Assistant Master at Harrow. 2s. 6d. 
MOLBSWORTH— FRBNGH LIFE IN LBTTBRS. By Mrs. Molbswobth. 

Is. 6d. 
PBRRAULT— GONTES DB FfiBS. By G. E. Faskaoht. Is. 6d. - 
MAOMILLAN'S PROGRESSIVB FRENCH COURSE.— By G. B. Fasnagbt. Ex. 

fcp. 8vo. 
FiBST Ykab, containing Easy Lessons on the Regular Accidence. Is. 
SscoNB Ykab, containing an Elementary Grammar with copipus Bzercisea 

Notes, and Vocabularies. 28. 
Thibd Ybab, containing a Systematic Syntax, and Lessons in Oomposition. 

28. 6d. 
THE TEACHER'S COMPANION TO MAGMILLAN'S PROGRESSIVB FRENCH 

COURSE. With Copious Notes, Hints for Difterent Renderings, l^onyms. 

Philological Remarks, etc. By G. E. Fasnacht. Ex. fcap. 8vo. Bach rear 

4s. 8d. 
]CACHILLAN*S FRENCH COMPOSITION.— By G. E. Fasnacht. Bx. fcap. 

8vo. Part I. Elementary. 2s. 6d. Part IT. Advanced. [In the Press. 

THB TEACHER'S COMPANION TO MAGMILLAN'S COURSE OF FRENCH 

COMPOSITION. By Q. B. Fasnacht. Part I. Ex. fcap. 8vo. 4s. 6d. 
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MAOMTTiTiAyS PB0GSB88IVE FBBNOH BEABEBS. By G. B. Fasvaoht. Ex. 

foap. 8to. 
F1B8T Tkab, containing Tales, Historical Bxtracts, Letters, Dialognes, Ballads, 

Nnrserr Songs, etc., with Two Vocabularies : (1) io. the order of suliJects ; 

(2) in alphabetical order. With Imitative Exercises. 2s. 6d. 
SxooND Ybab, containing Fiction in Prose and Verse, Historical and Desorlptlye 

Extracts, Bssays, Letters, Dialognes, etc. With Imitative Exercises. 2s. 6d. 
MAOMILLAN'B FOBEION SCHOOL 0LAS8I03. Edited by O. E. FAfWACRT. 

18ma 
CORNBILLE— LE GID. By Q. E. Fabnaght. Is. 
DUMAS— LBS DEMOISELLES DB ST. 0TB. By Vxotob Ooeb, Lectorer at 

tlniversity College, Liverpool. Is. 6d. 
LA FONTAINE'S FABLER Books L— VI. By L. M. Mobia&tt, B.A., 

Assistant Master at Harrow. [In preparation. 

MOLHSSIB— L'AVABE. By the same. Is. 

MOLIAbE— LE BOUBGEOIS GENTILHOMME. By the same. Is. 6d. 
MOLIJIBB— LBS FBMMES SAVANTES. By G. E. FAfWACHT. Is. 
MOLltilBB— LB MISANTHBOPE. By the same. Is. 
MOLlimB— LB MfiDEGIN MALGBB LUL By the same. Is. 
RAGINE—BBITANIOUS. By B. Fxlussixb, M.A, Assistant Master at 

Clifton College. 2s. 
FBBNOH HEADINGS FBOM BOMAN HISTOBY. Selected from varions 

Authors, by 0. Oolbxok, M.A, Assistant Master at Harrow. 4s. 6d. 
SAND, OBOBGB— LA MABB AU DIABLB. By W. B. Busssll, M.A, 

Assistant Master at Haileybory. Is. 
SANDEAU, JULES— MADEMOISELLE DB LA SEIGLIEBE. By H. G. 

Stkel, Assistant Master at Winchester. Is. 6d. 
THIBBS'S HISTOBT OF THB EGYPTIAN EXPEDITION. By Bev. H. A 

Bull, M.A, Assistant Master at Wellington. [In preparation, 

VOI/TAIBE— CHABLES XIL By G. E. Fabnaght. 8l. 6d. 
MASSON.— A COMPENDIOUS DICTIONABY OF THE FBBNOH LANGUAGE. 

Adapted from the Dictionaries of Professor A Elwall. By Gtotavs Mabson. 

Or. 8vo. 08. 
MOLIEBB.— LB MALADB IMAGINAIBB. With Introdnction and Notes, by F. 

Tabvsb, M. a. Assistant Master at Eton. Fcap. Svo. 2s. 6d. 
PELLI8SIEB.— FBBNOH BOOTS AND THEIB FAMILIES. A Synthetic 

Vocabolary, based upon Derivations. By E. Pkllissixb, M.A, Assistuit 

Master at Cuifton College. Gl. 8yo. 0s. 

GERMAN. 

HUSS.— A SYSTEM OF OBAL INSTBUCTION IN GBBMAN, by means of 

Progressive Dlostrationa and Applications of the leading Bnles of Grammar. 

By H. 0. O. Ht»s, Ph.D. Cr. 8vo. 6s. 
MACMILLAN'S-FBOGBBSSIVB GEBICAN OOUBSE. By G. B. FAmrAOHT. Ex. 

fcp. 8va 
FiBST Ybas. Easy lessons and Boles on the Begolar Acoidenoe. Is. 6d. 
SxooND Ykas. Conversational Lessons in Systematic Accidence and Elementary 

Syntax. With Philological Illastrations and Etymological Vocabulary. 

8s. 6d. 
Third Ykab. [In iKe Press. 

TEACHBB'S COMPANION TO MAOMILLAN*S PBOGBBSSIVB GBBMAN 

COUBSE. With copious Notes, Hints for Different Benderings, Syno^ms, 

Philological Bemarks, etc. ByG. B. Fasnaoht. Bx. fisap. Svo. Fmar Txab. 

48. 6d. SxooND Year. 4s. 0d. 
MAOMILLAirS PBOGBBSSIVB aEBUANBBADEBS. ByG.E.FAflNACiBT. Ex. 

fcap. 8vo. 
FiBST Year, containing an Introduction to the German order of Words, with 

Copious Examples, extracts fh>m German Authors In Ptose and Poetry ; Notes, 

and Vocabularies. 28. 6d. 
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MACOOLLAIPB PBQCABT 8BBIBS OF OEBKAir BBADIHa B0OK8. Bdited 
1^ O. B. Fasvacbt. With Notes, VocalmluiM and Bxerdaes. GL 8vo. 

OBDai--KINDBB UKD HAUBMABOHBN. Qy G. B. Faotacbt. Sb. 6d. 

HAUFF— DDB KABAVANB. By HmcAV Haoib, Fh.D., Lecturer in tbe 
Owem O olleg e, Maneheiter. 8s. 

BOHMID, OHR. VON— H. VON BICIHBNFBIJ9. By G. B. Fabhacst. tt. 6d. 
lIAGMILLAN*BF0BBION80H0OLGLA88ICn.— Bdited by O.B.FASNAGHT. ISma 

FBBTTAG (G.).-*DOKTOB LUTHBR By F. Btobr, M.A, Headmaster of the 
Modem 8ide> Merchant Taylors' School. [In prepatnaHon. 

GOBTHB-GOTZ VON BBRLIOHINGBN. By EL A Bull, M.A, Asaistant 
M aatera t Wellington. 8a. 

GOBTHB— FAUST. Pabt I., followed by an Appendix on Pabt n. By Janb 
Lb, Iiectarer in German Uteratare at Newnham Ck>llege, Cambridge. 4s. 6d. 

HBINB-«BLBGTIONS FROM THB BBISBBILDBB AND OTHBB PBOSB 
WORKS. By 0. Oolbigk, M.A, Aasistant Master at Harrow. 2s. 6d. 

LB8SING— MINNA VON BABNHBLM. By Jaiob Sua, M.A llnpnpartUion. 

SOHILLBB-SBLBOTIONS FROM SOHILLBR'S LTRIOAL POBM8. With a 
Memoir of Schiller. By B. J. Tubhxr, B. A, and B. D. A Mob8hxai>, M.A 
Assistant Masters at Winchester. 28. 6d. 

80HILLBR— DIB JUNGFRAU VON ORLBANS. By Josxph Gostwigk. Ss.6d. 

SOHILLBR— MARIA STUART. By 0. Shkldon, D.Lit, of the Royal Academ- 
ical Institution, Belfast 28. 6d. 

SOHILLBR— WILHBLM TBLL. By G. B. Fabnacbt. 2s. 6d. 

SOHILLBR— WALLBNSTBIN. Part L DAS LAGBR. By H. a GomRiLL, 
M.A 28. 

UHLAND— SBLBOT BALLADS. Adapted as a First Basy Reading Book for 
Bc^nnen. With Vocabolary. By G. B. FAaNAOHT. Is. 
F7L0DBT.— NBW GUIDB TO GBRMAN GONVBRSATION ; containing an Alpha- 
betical List of nearly 800 Familiar Words ; followed by Bzercises, vooaboJiuy 
of Words in frequent nse, Familiar Rirases and Dialogues, a Sketch of German 
Literature, Idiomatic B:q;>res8ions, etc. By L. Ptlodbt. 18mo. 2b. Od. 
WHITNE7.— A OOMFBNDIOUS GBRMAN GRAMMAR. By W. D. Whuvzt, 
Professor of Sanskrit and Instructor in Modem Languages in Tale OoUege. 
Or. Syo. 48. 6d. 

A GBRMAN RBADBR IN PROSB AND VBRSB. By the Same. With Notes 
and Vocabulary. Or. 8vo. 68. 
WHITBBY AND EDGBEN.— A OOMFBNDIOUS GBRMAN AND BNGUSH 
DIOTIONART, with Notation of Oorrespondenees and Brief Etymologies. By 
Prof. W. D. Whitmit, assisted by A H. Bdobsn. Or. 870. 78. 6d. 

THB GERMAN-ENGLISH PART, separately, ta. 



MODERN GREEK. 

VIN OB H T AND DI0K80N.— HANDBOOK TO MODERN GREBE. By Sir Bdoab 
Vincent, E.O.M.G., and T. G. Dickson, M.A With Appendix on the relation 
of Modem and Classical Greek by Prof. Jxbb. Or. 870. 6s. 



ITALIAN. 

DANTE.— THE PURGATORY OF DANTE. With Translation and Notes, by A J. 

BuTLBB, M.A Or. Svo. 12s. ed. 
THB FARADISO OF DANTE. With Translation and Notes, by the Same. 

Or. Svo. 128. 6d. 
READINGS ON THB FURGATORIO OF DANTE. Chiefly based on the Obm- 

mentaxy of Benvenuto Da Imola. By the Hon. W. Wariuen Virnon, M.A. 

With an Introduction by the Very Rev the Dian of St. Paul's. 2 vols. 

Or. Svo. 24s. 



SPANISH 81 

SPANISH. 

OALDBRON.— FOUB FLATS OF OALDEBON. With Introduction and Notea- 
By Norman MagCSoll, M.A. Gr. 8yo. 148. 

The foor plays here given are SI Frindpe CorukmUf La Vida et Su»no, El AloaUk 
d$ Zaiamuot and El Etwndido y La Tapada, 



MATHEMATICS. 

Arlthmetlo^ Book-keeping, Algetoa, BnOlld and Pore Geometry, Geometrloa] 
Drawing, Mensortttlon, Tilgonometry, Analytioal Geometry (Plane and 
Solid), Problems and Oneitlooi in Mathwnatloii, Hlgber Pnre ICatlie- 
matloa^ Meehanloa (Statloa, Pynamloa, Bydroitatlos, Hydrodyiiamios : aee 
also PhysiosX Physios (Sound, Lis^t» Heat, Eleotrioity, Elastloity, Attrao* 
tions, fro.). Astronomy, HistorloaL 

ABITHMETIO. 

ALDIS.— THB GBBAT GIANT ABITHMOS. A most Elementary Arithmetic 
for Children. By Mabt SrxADicAir Aldis. Illustrated. Gl. Svo. 28. 6d. 

ABMT PBELIMINAB7 EXAMINATION, SPEOIMENS OF PAPERS SET AT 
THE, 1882-89.— With Answers to the Mathematical Questions. Subjects: 
Arithmetic, Algebra, Euclid, Geometrical Drawing, Geography, French, 
English Dictation. Gr. Syo. 8b. 6d. 

BBADSHAW.— A GOUBSB OF EAST ABITHMBTIGAL EXAMPLES FOB 
BEGINNERS. By J. G. Bradbhaw, B.A., Assistant Master at Olifton College. 
GL Svo. 2s. With Answers, 2s. 6d. 

BBOOKSMITH.— ARITHMETIO IN THEOBT AND FRAOTIGE. By J. Brook. 
SMITH, M.A. Gr. Svo. 4s. 6d. 

BR0OKSMITH.—ARITHMETI0 FOB BEGINNER& By J. and E. J. Brook- 
smith. GL Svo. Is. 6d. 

OAMDLER.— HELP TO ARITHMETIO. Designed for the use of Schools. By H. 
GAin>LER, Mathematical Master of Uppingham SchooL 2d Ed. Ex. fcap. Svo. 
2s. 6d. 

DALTON.— RULES AND EXAMPLES IN ARITHMETIC. By the Rev. T. Dal. 
TON, M.A., Assistant Master at Eton. New Ed., with Answers. ISmo. 2s. 6d. 

OOTEN— HIGHER ARITHMETIO AND ELBMENTART MENSURATION. 
By P. GoTSN, Inspector of Schools, Dunedin, New Zealand. Or. Svo. 5s. 

HALL AND ESnGHT.-ARITHMETICAL EXERCISES AND EXAMINATION 
PAPERS. With an Appendix containing Questions in Logarithms and 
Mensuration. By H. S. Hall, M.A., Master of the Military and Engineering 
Side, Clifton College, and S. R Enioht, B.A. Gl. Svo. 2s. (ki. 

LOOK.— Works by Rev. J. B. Lock, M.A., Senior Fellow, Assistant Tutor and 
Lecturer in Gonville and Gains College, Cambridge. 

ARITHMETIC FOR SCHOOLS. With Answers and 1000 additional Examples 
for Exercise. 8d Ed., revised. GL Svo. 4s. 6d. Or in Two Parts:— 
Part L Up to and including Practice. 28. Part 11. With 1000 additional 
Examples for Exercise. 8s. EET. Or. 8vo. lOs. 6d. 

ARITHMETIG FOR BEGINNEBS. A School dass-Book of Commeroial Arith- 
metic. GL Svo. 2s. 6d. KET. Gr. Svo. Ss. 6d. 

A SHILLING CLASS-BOOK OF ARITHMETIC, ADAPTED FOR USE IN 
ELEMENTART SCHOOLS. ISmo. Is. With Answers. Is. 8d. [In July- 
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PEDLBT.— BZBBOIEnBB IN ABITHMBTIO fbr the Um of Sehoob^ Oontainiog 
mora than 7000 origixud BzamplM. By Bamuil Pxdlxt. Gr. 8va fis. 
Alao In Two Futi» ia, M. eaoh. 

SMITH.— Works by Bey. Babnabd Smith, M.A, late Fellow and Senior Bimar of 
St. Peter's Ck>Uege, Cambridge. 
ABITHMBTIO AND ALGBBBA, in their Principles and Application ; wifii 
nomeroos systematically arranged Examples taken from the Cwnbridge Bxam- 
ination Fapen, witii especial referance to the Ordinary Bzamination for the 
B.A Degree. New Bd., eanfnlly revised. Or. 8vo. lOs. 6d. 

ABITHMBTIO FOB SOHOOL& Or. 8vo. 4s. 6d. KBT. Or. Svo. 4s. 6d. 
BZBBCISBS IN ABITHMBTIO. Or. Svo. 2s. With Answers, SB.0d.An- 
swen separately, 6d. 

SOHOOL OLAflS-BOOK OF ABITHMBTIO. ISmo. 8s. Or separately, hi 
Three Farts, Is. each. KBYS. Parts I., IL, and in., Ss. 6d. each. 

SHILLING BOOK OF ABITHMETIC. ISmo. Or separately, Part I., 2d.; 
Part IL, 8d. ; Part HI., 7d. Answers, Od. KBT. 18mo. 48. 6d. 

THB SAME, with Answers. 18mo, cloth. Is. 6d. 

EXAMINATION PAFEB8 IN ABTTHMBTia 18mo. Is. 6d. The Same, 
with Answers. 18mo. 2s. Answen, 6d. KEY. 18mo. 48. 6d. 

THE METRIC SYSTEM OF ABITHMBTIO, ITS PBINOIPLES AND APPLI- 
CATIONS, with Nnmerons Examples. 18mo. 8d. 

A CHART OF THE METRIO SYSTEM, on a Sheet, siie 42 in. by 84 in. on 
Boiler. 88. 6d. Also a Small Chart on a Card. Price Id. 

EASY LESSONS IN ARITHMETIC, combining Exercises in Beading, Writing, 

Spelling, and Dictation. Part I. Or. 8yo. 9<L 
EXAMINATION CARDS IN ARITHMETIC. With Answers and Hints. 

Standards L and II. , in box. Is. Standards III., IV., and V., in boxes. Is. eadL 
Standard VI. in Two Parts, in boxes. Is. each. 

A and B papers, of nearly the same difflcnlty, are given so as to prevent copying, 
and tile colonrs of the A and B papers differ in each Standard, and from tiiose of 
every other Standard, so that a master or mistress can see at a glance whether the 
children have the proper papers. 

BOOK-KBBPING-. 

THORNTON.— FIRST LESSONS IN BOOK-KEEPINO. By J. Thobntov. Cr. 
8vo. 2s. 6d. KEY. Oblong 4to. IDs. 6d. 

PRIMER OF BOOK-KEEPING. 18mo. Is. KEY. [Immediately. 



ALG-BBRA. 

DALTON.— RULES AND EXAMPLES IN ALGEBRA. By Rev. T. Dalton, 
Assistant Master at Eton. Part L ISmo. 2s. KEY. Cr. Svo. Ts. 6d. 
Part II. ISmo. 2s. 6d. 

HALL AND KNIGHT.— Works by H. S. Hall, M.A., Master of the .Militaxy and 
Engineering Side, Clifton College, and S. R. Knioht, B.A. 

ELEMENTARY ALGEBRA FOR SCHOOLS. 6th Ed., revised and corrected. 
GL Svo, bound in maroon coloured cloth, 8s. 6d. ; with Answers, bound in 
green coloured cloth, 4s. 6d. [KEY. In (he Prta$, 

ALGEBRAICAL EXERCISES AND EXAMINATION PAPERS. To accom- 
pany ELEMENTARY ALGEBRA. 2d Ed., revised. Gl. Svo. 2s. 6d. 

HIGHER ALGEBRA. 8d Ed. Cr. Svo. 7s. 6d. KEY. Cr. Svo. 10s. 8d. 

JONES AND OHEYNB.— ALGEBRAICAL EXERCISES. Ptogressively Ar- 
ranged. By Rev. 0. A. Jomss and 0. H. Chstnb, M.A., late Mathematical 
Masters at Westminster School. ISmo. 2s. 6d. 

KEY. By Rev. W. Failes, M. A. , Mathematical Master at Westminster SchooL 
Or. Svo. 78. «d. 
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SMITH.— ABITHHBTIO AND ALGBBBA, in their FrineiplM and Application ; 
with nnmerooB systematically arranged Examples taken from the Cambridge 
Bxamination Papers, with especial reference to the Ordinary Bxamination for 
the B.A. Degree. By Rev. Barvabd Smith, M.A. New Bdition, carefully 
revised. Gr. 8vo. lOs. 6d. 
SMITH.— Works by Ohablxs Smith, M.A., Master of Sidney Snssez Ck>llege, 
Cambridge. 
BLBMBNTABT ALGEBRA. 2d Bd., revised. Gl. 8vo. 4s. 6d. 
A TRBATISB ON ALGBBBA. Gr. 8vo. 7s. 6d. KEY. Cr. 8vo. lOs. «d. 
TODHUNTBB.— Works by Isaac Todhxtntbb, F.R.S. 
ALGEBRA FOR BEGINNERS. ISmo. 28. 0d. KEY. Cr. Svo. 68. 6d. 
ALGEBRA FOR COLLEGES AND SCHOOI^. Cr. Svo. 7s. 6d. KEY. Cr. 
8va lOs. 0d. 

EUCLID AND PURE G-EOMETRY. 

OOOKSHOTT AND WALTERS.— A TRBATISB ON GEOMETRICAL CONIOS. 

In accordance with the Syllabna of the Association for the Improvement of 

Geometrical Teaching. By A. Cookshott, M.A., Assistant Master at Eton ; 

and Rev. F. B. Walters, M.A., Principal of King William's College, Isle of 

Man. Cr. Svo. 6s. 
CONSTABLE.— GBOMETRICAL EXBRCISBS FOR BBGINNEBS. By Samuel 

CON BTABLB. Ct. SvO. 8B. 6d. 

OUTHBEBTSON.— EUCLIDIAN GEOMETRY. By Francis Cuthbxbtson, M.A., 

LL.D. Ex. fcap. Svo. 4s. 6d. 
DAT.— FROFBRTIBS OF CONIC SECTIONS PROVED GEOMBTRICALLY. 
By Rev. H. G. Day, M.A. Part L The Ellipse, with an ample collection of 
Problems. Cr. Svo. 8s. 6d. 
D0D080N.— Works by Charlkb L. Dodosov, M.A., Stadent and late Mathematical 
Lecturer, Christ Church, Oxford. 
BUCLID, BOOKS I. and IL 6th Ed., with words substituted for the Alge- 
braical Symbols used in the Ist Ed. Cr. Svo. 2s. 
BUCLID AND HIS MODERN RIVALS. 2d Bd. Cr. Svo. 68. 
CURIOSA MATHEMATICA. Part I. A New Theory of Parallels. 2d Bd. 
Cr. Svo. 2s. 

DREW.— GEOMBTBICAL TBBATISE ON CONIC SECTIONS. By W. H. 
Drbw, M.A. New Ed., enlarged. Cr. Svo. 6s. 

DUPUIS.— ELBMBNTABY SYNTHETIC GEOMETBY OF THE POINT, LINE, 
AND CIRCLE IN THE PLANE. By N. F. Dupuis, M.A., Professor of Pure 
Mathematics in the University of Queen's Collie, ELingston, Canada. GL Svo. 
4s. 6d. 

HALL AND STEVENS.— A TBXT-BOOK OF EUCLID'S ELEMENTS. In- 
eluding Alternative Proofs, together with additional Theorems and Exercises, 
classified and arranged. By H. S. Hall, M.A., and F. H. Stkvknb, M.A., 
Masters of the Military and Bngineering Side, Clifton CoUese. Gl. Svo. Book 
I., Is. ; Books I. and II., Is. 6dj Books I.-IV., Ss. ; Books IIL-VI., 8s ; Books 
L-VI. and XI., 48. 6d. ; Book Xl., Is. [KEY. In preparation. 

HALSTED.— THE ELEMENTS OF GEOMETRY By G. B. Halsted, Professor 
of Pure and Applied Mathematics in the University of Texas. Svo. 128. 6d. 

LOCK.— BUCLID FOR BBGINNBRS. Being an Introduction to existing Text- 
books. By Rev. J. B. Lock, M.A. [In the Press. 

MAULT.— NATURAL GBOMBTRY: an Introduction to the Logical Study of 
Mathematics. For Schools and Technical Classes. With Explanatory Models 
based upon the Tachymetrical works of Ed. Lagout. By A. Maitlt. ISmo. Is. 
Models to Illustrate the above, in Box, 12a. 6d. 

MILNE AND DAVIS.— GBOMETRICAL CONICS. Part L The Parabola. By 
Rev. J. J. Milne, M.A., and R. F. Davis, M.A. Cr. Svo. [In the Press. 

SYLLABUS OF PLANE GEOMETRY (corresponding to Euclid, Books I.-VL)— 
Prepared by the Association for the Improvement of Geometrical Teaching. 
Cr. Svo. Is. 
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8TLLABU8 OF MODBBN PLAHB OBOMBTBT.—FnMred by the AsaociidioD 
for the Improvement of Geometrical TeAcfaing. Or. m. Sewed. Is. 

TODHUMTEB.— TIIB ELBMENTS OF BUOLID. By L ToDHumnEB, F.BJS. 
18mo. 8s. 60. KET. Cr. 8vo. 6e. M. 

WILSON.— Works by Rev. J. M. Wilsov, M.A., Head Master of OUfton College. 
ELEMENTARY OBOMBTRY. BOOKS I.-V. Containing the Sul^lecfeB of 
Baolid'a first Biz Books. Following the SyUabns of the Geometrical Associs- 
tion. Bz. fcap. 8vo. 4s. 6d. 
SOLID GEOMETRY AND GONIO SECTIONS. With AppendioM <m Trans- 
versals and Harmonic Division. Ex. fcap. 8vo. 8s. 6d. 

GEOMETRICAL DRAWING-. 

BAOLBS.— CONSTRUCTIVE GBOMETRT OF PLANE CURYBS. By T. H. 
Baolss, M.A., Instnictor in Geometrical Drawing and Lectorer in Architectnre 
at the Royal Indian Engineering Coll^^, Coopers Hill. Cr. 8vo. ISs. 

EDGAR AND PBITOHABD.— NOTE • BOOK ON PRACTICAL SOLID OB 

DBSCRIFTIYE GEOMETRY. Containing Problems with help fbr Solations. 

By J. H. Bdoab and G. S. Pbitchabdi 4th Bd., revised by A. if»»«» GL 

8 vo. 4s. 6d. 
KITCHENER.— A GEOMETRICAL NOTB-BOOK. Containing Ba^ Problems in 

Geometrical Drawingpreparatory to the Stndy of Geometry. For the Use of 

Schools. By F. E. Kitghxmsb, M.A., Head Master of tiie Newoaatiie-ander- 

Lyme High SchooL 4to. 2s. 
MILLAB.— ELEMENTS OF DBSCRIPTiyB GEOMBTRY. By J. B. Miixar, 

Civil Engineer, Lecturer on Engineering in the Victoila University, Manchester. 

2d Bd. Cr. 8vo. 6s. 
PLANT.— GEOMETRICAL DRAWING. By B. a Pxjlnt. Globe 8vo. 

{In pF^pcuts^on. 

MENSURATION. 

STEVENS.— BLBMBNTARY MENSURATION. With Bzerdses on the Mensura- 
tion of Plane and Solid Figures. By F. H. SnvcHBi M. A. GL 8vo. 

[In pftpcuroiion. 

TEBAT.— BLBMBNTARY MENSURATION FOR SCHOOLS. By S. Tsbat. 
Ex. fcap. 8vo. 88. 6d. 

TODHUNTER.— MENSURATION FOR BBGINNBB& By Isaac Todhuntkb, 
F.R.S. 18mo. 2s. 0d. KEY. By Rev. Fn. L. MoCartht. Cr. 8vo. 78. 6± 

TRIGhONOMBTRY. 

BEASLBT.— AN BLBMBNTARY TREATISE ON PLANE TRIGONOMBTBY. 
With Examples. By R D. Bsaslbt, M.A. 9th Bd., revised and enlaiged. 
Or. 8vo. 8s. M. 

BOTTOMLEY.— FOUR-FIGURE MATHEMATICAL TABLES. Comprising Lo- 
garithmic and Trigonometrical Tables, and Tables of Sqnares, Sooare Roots, ' 
and Reciprocals. By J. T. Bottomlkt, M.A., Lecturer m Natural P^oeophy 
in the University of Glasgow. 8vo. 2s. 6d. 

HAYWABD.— THB ALGEBRA OF CO-PLANAR VECTORS AND TRIGONO- 
MBTRY. By R. B. Hatward, M.A., F.R.S., Assistant Master at Harrow. 

[In preparation. 

JOHNSON.- A TREATISE ON TRIGONOMBTRY. By W. B. JoHimoir, M.A. 
late Scholar and Assistant Mathematical Lecturer at King's College, Gam- 
bridge. Cr. 8vo. 8s. 0d. 

LOCK.— Works by Rev. J. B. Lock, M.A., Senior Fellow, Assistant Tutor and 
Lecturer in Gonville and Caius College, Cambridge. 

TRIGONOMBTRY FOR BEGINNERS, as Ikr as the Solution of Triangles. 8d 

Ed. GL 8vo. 2s. 6d. KBY. Cr. 8vo. 6s. 6d. 
BLBMBNTARY TRIGONOMETRY, eth Bd. (in this edition the chapter on 

logarithms has been careftilly revised). Gl. 8vo. 4s. 0d. KEY. Or. 8va 88. 6d. 
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HIGHER TBIGONOMBTBT. 6th Sd. GLSvo. 4b. 6d. Both Parts complete 
In One Volume. Gl. Svo. 7s. 6d. 

IfOLELLAND AND PRESTON.— A TRBATISB ON SPHBRIGAL TRIGONO- 
METRY. With applications to Spherical Geometry and numerous Examples. 
By W. J. M'Clelland, M.A., Principal of the Incorporated Society's School, 
Santry, Dublin, and T. Psbston, M.A. Or. 8vo. Ss. 6d., or : Part L To the 
End of Solution of Triangles, 48. 6d. Part II., 5s. 

PALMBR.--TEXT.BOOK OP PBACTIOAL LOGABITHMS AND TBIGONO- 
MBTBT. By J. H. Palusb, Headmaster, B.N., H.M.S. Cainbridge, Devon- 
port. GL 8vo. 4s. 6d. 

SNOWBALL.— THE ELEMENTS OF PLANE AND 8PHEBICAL TBIGONO- 

ME TBY. By J. 0. Snowball. 14th Ed. Or. 8vo. Ts. (Jd. 
TODHUNTEB.— Works by Isaac Todhxtnter, F.B.S. 
TBIGONOMBTBT FOB BBGINNEBS. 18mo. 2s. 6d. KEY. Cr. 8vo. Ss. 6d. 
PLANE TBIGONOMBTBT. Or. Svo. 5s. KBT. Cr. 8vo. 10s. 6d. 
A TBBATISB ON SPHBBIOAL TBIGONOMBTBT. Cr. Svo. 4s. 6d. 
WOLSTBNHOLMB.— EXAMPLES FOB PBACTICE IN THE USB OP SEVEN- 
FIGUBB LOGABITHMS. By Joseph Wolstbnholmb, D.Sc, late Professor 
of Mathematics in the Boyal Indian Engineering Coll., Cooper's HilL Svo. 
5s. 



ANALYTICAL G-HOMETBY (Plane and Solid). 

DYER.— EXEBOISES IN ANALTTICAL GBOMBTBT. By J. M. Dtbe, M.A., 

Assistant Master at Eton. Illustrated. Cr. Svo. 4b. 6d. 
FERRERS.— AN BLEMBNTABT TBBATISB ON TBILINEAB CO-OBDIN. 

ATBS, the Method of Beciprocal Polars, and the Theory of Projectors. By 

the Bev. N. M. Fsbbebs, D.D., F.B.S., Master of Gonville and Caius College, 

Cambridge. 4th Ed., revised. Cr. Svo. 6s. 6d. 

FROST.— Works by Peroival Frost, D.Sc., F.B.S., Fellow and Mathematical 
Lecturer at King's College, Cambridge. 

AN BLEMBNTABT TBBATISB ON CUBVB TBACING. Svo. 12s. 
SOLID GEOMBTBY. 8d Ed. Demy Svo. 168. 

HINTS FOB THE SOLUTION OF PBOBLEMS in the Third Edition of SOLID 
GEOMBTBY. Svo. Ss. 6d. 

HAYWARD.— THB ELEMENTS OF SOLID GEOMETRY. By B. B. Hayward, 
M.A, F.B.S. Gl. Svo. [In iht Press. 

JOHNSON.— CUBVB TBACING IN CARTESIAN CO-ORDINATES. By W. 
WoouET Johnson, Professor of Mathematics at the U.S. Naval Academy, 
Annapolis, Maryland. Cr. Svo. 4s. 6d. 

PUOKLB.— AN ELEMENTARY TREATISE ON CONIC SECTIONS AND AL- 
GEBRAIC GEOMETRY. With Numerous Examples and Hints for their Sol- 
ution. By G. H. Puckle, M.A. 5th Ed., revised and ei^arged. Cr. Svo 
7s. 6d. 

SMITH.— Works by Charles Smith, M.A., Master of Sidney Sussex College, 
Cambridge. 

CONIC SECTIONS. 7th Ed. Cr. Svo. 7s. 6d. 

SOLUTIONS TO CONIC SECTIONS. Cr. Svo. lOs. 6d. 

AN ELBMBNTABY TBBATISB ON SOLID GEOMBTBY. 2d Ed. Cr. Svo. 

9s. 6d. 
TODHUNTEB.— Works by Isaac Todhuister, F.R.S. 
PLANE CO-ORDINATE GEOMETRY, as applied to the Straight Line and the 

Conic Sections. Cr. Svo. 7s. 6d. 

KEY. By C. W. Bourne, M.A., Headmaster of King's College School. Cr. Svo. 
lOs. 6d. 

EXAMPLES OF ANALYTICAL GEOMBTBY OF THBBB DIMENSIONS. 
New Ed., revised. Cr. Svo. 48. 

C 
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» 
PBOBLEMS AND QUESTIONS IN 
MATHEMATICS. 

ABMT PBBLIMXNABT BZAMINATION» 1882-1888L Speeimens of Fapera set at 

the. With ijisweni to the Mathematical Questioiis. Subjects: Arithmetic, 
Algebra, Bnolid, Geometrical Drawing, Qeognphy, French, BngUeh Dictation. 
Or. 870. 8e. 6d. 
OAMBBIDOE SENATE -H0T7SE PROBLEMS AND BEDBBS, WITH SOLU- 
TIONS:— 
1876— PBOBLBMS AND RIDBBS. ByA.O.GRBBiniiLL,F.R.S. Gr.Svo. 8s. 6d. 
1878-SOLnTIONS OF SBNATE-H0U8B PBOBLBMS. By the Mathematical 
Moderators and Bxaminers. Bdited by J. W. L. Glaisrsb, F.B.S., Fellow of 
Trinity College, Cambridge. 12s. 
OHEISTIE.— A COLLBCTION OF BLBMBNTART TBST-QUBSTIONS IN PURE 
AND MIXED MATHBMATICS ; with Answers and Appendices on Synthetic 
Division, and on the Solution of Numerical Equations by Homer^s Method. 
By James R. Chbxstis, F.R.S. Cr. 8vo. 8s. 6d. 
MILNE.— Works by Bev. John J. Milks, Private Tutor. 
WBBELY PROBLEM PAPBRS. With Notes intended for the use of Students 
preparing for Mathematical Scholarships, and for Junior Members of the Uni- 
versities who are reading for Mathematical Honours. Pott 8vo. 48. 6d. 
SOLUTIONS TO WBEKLT PBOBLBM PAPBBS. Cr. 8va lOs. 6d. 
COMPANION TO WBBELY PROBLEM PAPBRS. Cr. 8vo. lOs. Od. 
SANDHURST ICATHEMATIOAL PAPEBS^ for admission into the Boyal MiUtary 
College, 1881-1880. Bdited by B. J. Brooksmitr, B.A., Instructor in Mathe- 
matics at the Royal Military Academy. Woolwich. Cr. 8vo. [In the Press. 
WOOLWICH MATHEMATICAL PAPBBS, for Admission into the Royal Military 
Academy, Woolwich, 1880-1888 inclusive. Edited by B. J. Bbooxbicith, B.A 
Cr. 8vo. 6s. 
WOLSTENHOLME.— Works by Joseph Wolstenhouoe, D.Sc, late Profedsor of 
Mathematics in the Royal Engineering Coll. Cooper's Hill. 
MATHEMATICAL PROBLEMS, on Sul:tJect8 included in the First and Second 
Divisions of the Schedule of Subjects for the Cambridge Mathematical Tripos 
Bxamination. New Bd., greatly enlarged. 8vo. 188. 
EXAMPLES FOR PRACTICB IN THB USB OF SEVBN-FIGURB LOGAR- 
ITHMS. 8vo. 6s. 
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AIRT.— Works by Sir G. R Aibt, KC.B., formerly Astronomer-RoyaL 
BLBMBNTART TREATISE ON PARTIAL DIFFERBNTIAL BQnATION& 

With Diagrams. 2d Bd. Cr. 8vo. 68. 6d. 
ON THB ALGEBRAICAL AND NUMERICAL THEORY OF ERRORS OF 

OBSERVATIONS AND THB COMBINATION OF OBSERVATIONS. 

2d. Bd., revised. Cr. 8vo. 0s. 6d. 

BOOLE.— THB CALCULUS OF FINITE DIFFERBNCBa By G. Boole. 8d Ed., 
revised by J. F. Moulton, Q.C. Cr. 8vo. 10s. 6d. 

OARLL— A TREATISE ON THB CALCULUS OF VARIATIONS. By Lewis B. 
Carll. Arranged with the purpose of Introducing, as well as Illustrating, its 
Principles to the Reader by means of Problems, and Designed to present in all 
Important Particulars a Complete View of 'the Present State of the Science. 
8vo. 21s. 

EDWARDS.— THB DIFFERENTIAL CALCULUS. By Joseph Edwabds, M.A., 
With Applications and numerous Examples. Cr. 8vo. 10s. 6d. 

FERBEBS.— AN ELEMENTARY TREATISE ON SPHERICAL HARMONICS, 
AND SUBJECTS CONNECTBD WITH THEM. By Rev. N. M. Ferrers, 
D.D.,F.R.S.,MasterofOonvilleandCaius College, Cambridge. Cr.Svo. 7s. 6d. 
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F0RS7TH.— A TBEATISB ON DIFFERENTIAL EQUATIONS. By AimBSW 

RusssLL FoRSTTH, F.B.S., Fellow and Assistant Tator of Trinity College, 

Cambridge. 2d Ed. 8vo. 14s. 
FBOST.— AN ELBMBNTABY TREATISE ON CURVE TRAdNO. By Pkboival 

Frost, M.A., D.Sc. 8vo. 12s. 
GRBBNHILL.— DIFFERENTIAL AND INTEGRAL CALCULUS. By A- G. 

Gre£Nhill, Professor of Mathematics to the Senior Class of Artillery Officers, 

Woolwich. Cr. 8vo. 78. 6d, 
JOHNSON.— Works by William Wooi^et Johkboit, Professor of Mathematics at 

the U.S. Naval Academy, Annapolis, Maryland. 
INTEGRAL CALCULUS, an Elementary Treatise on the; Fonnded on the 

Method of Rates or Fluxions. 8vo. 9s. 
CURVE TRACING IN CARTESIAN CO-ORDINATES. Cr. 8vo. 4s. 6d. 
A TREATISE ON ORDINARY AND DIFFERENTIAL EQUATIONS. Ex. cr. 

Svo. 15s. 

EELLAND AND TAIT.— INTRODUCTION TO QUATERNIONS, with nmnerons 
examples. By P. Eelland and P. G. Tait, Professors in the Department of 
Mathematics in the University of Edinburgh. 2d Ed. Cr. Svo. 7s. 6d. 

KEMPE.— HOW TO DRAW A STRAIGHT LINE : a Lecture on Linkages. By A. 
B. ExMFS. niustrated. Cr. Svo. Is. 6d. 

KNOX.— DIFFERENTIAL CALCULUS FOB BEGINNERS. By Alxxaiidxr 
Ksox, Fcap. Svo. 8s. 6d. 

MEBBDffAN.— A TEXT-BOOE OF THE METHOD OF LEAST SQUARES. By 
Mansfixld Merrimak, Professor of Civil Engineering at Lehigh University, 
U.S.A.' Svo. Ss. 6d. 

MUnt.— Works by Thos. Muir, Mathematical Master in the High School of Glasgow. 
A TREATISE ON THE THEORY OF DETERMINANTS. With graduated sets 

of Examples. Cr. Svo. 7s. 6d. 
THE THEORY OF DETERMINANTS IN THE HISTORICAL ORDER OF ITS 

DEVELOPMENT. Part I. Determinants in GeneraL Leibnitz (1698) to Cay- 

ley (1841). Svo. lOs. 0d. 

BIOE AND JOHNSON.— DIFFERENTIAL CALCULUS, an Elementary Treatise on 
the ; Founded on the Method of Rates or Fluxions. By J. M. Ricx, Professor 
of Mathematics in the United States Navy, and W. W. Johmbok, Professor of 
Mathematics at the United States Naval Academy, ad Ed., revised and cor- 
rected. Svo. ISs. Abridged Ed. 9s. 

TODHUNTEB.— Works by Isaac Todbukter, F.R.S. 

AN ELEMENTARY TREATISE ON THE THEORY OF EQUATIONS. 

Cr. Svo. 7s. 6d. 
A TREATISE ON THE DIFFERENTIAL CALCULUS. Cr. Svo. 10s. 6d. 

KEY. Cr. Svo. 10s. 6d. 
A TREATISE ON THE INTEGRAL CALCULUS AND ITS APPUCATIONS. 

Cr. Svo. 10s. 6d. KEY. Cr. Svo. 10s. 6d. 
A HISTORY OF THE MATHEMATICAL THEORY OP PROBABILITY, from 

the time of Pascal to that of Laplace. Svo. ISs. 

AN ELEMENTARY TREATISE ON LAPLACE'S, LAME'S, AND BBSSEL'S 
FUNCTIONS. Cr. Svo. 10s. 6d. 

MECHANICS : Sixties, Dynamics, Hydrostatics, 
Hydrodynamics. (See also Physics.) 

ALEXANDER AND THOMSON.— ELEMENTARY APPLIED MECHANICS. By 
Prof. T. Alexander, and A. W. Thomson. Part IL Transverse Stress. 
Cr. Svo. lOs. 6d. 

BALL.— EXPERIMENTAL MECHANICS. A Course of Lectures delivered at the 
Royal College of Science for Ireland. By Sir R. S. Ball, F.R.S. 2d Ed. 
niostrated. Or. Svo. 08. 



28 MATHEMATICS 

0BI8B0LM.— THB 80IBKGB OF WEIGHINQ AND MEASURING, AND THE 
STANDARDS OF MBABURB AND WBIOHT. By H. W. Chishouc, Wardes 
oftheStandardi. lUoftnted. Or. 8yo. 48. Od. 

OLABXB.— A TABLB OF SPBOIFIO 6RAYITT FOR SOLIDS AND IJ:quI]}S. 
(Oonitantt of Nature : Fart I.) New Ed., reviaed and enlarged. By F. W. Gi^lbo, 
cndef Ohmnlft, n.S. Geolof^cal Sorvey. 8vo. 12a. «d. (Published for the 
Smithaoaian Inatitation, WaaUngton, U.S.A.) 

OLIFFOBD.— THE ELEMENTS OF DTNAMIO. An Introdaction to the Study o^ 
Motion and Reat in Solid and Fluid Bodiea. By W. K. Gliffokd. Part L- 
Kinematic. Or. 8to. Booka I~IIL 78. 6d. ; Book IV. and Appendix, 6s. 

OOTTBBILIfc— APPLIED MECHANICS: an Elementary General Introdaction to 
the Theory of Structnrea and Machinea. By^. H. Gottsrill, F.R.S., Professor 
of Applied Mechaniea in the Royal Naval College, Greenwich. 8vo. 18s. 

OOTTERnXAND BLADE.— ELEMENTARY MANUAL OF APPLIED MEGHAN 
IGS. By Prof. J. H. Cottxrill and J. H. Sladk. Cr. 8vo. [In ihe Press. 

DTNAMIOS, STLLABXTS OF ELEMENTARY. Part L Linear Dynamics. With 
an Appendix on the Meanings of the Symbols in Physical Equations. Pirepared 
by the Association for the ImproTement of Geometrical Teaching. 4to. is. 

OANGUILLET AND KUTTEB.— A GENERAL FORMULA FOR THE UNIFORM 
FLOW OF WATER IN RIVERS AND OTHER CHANNELS. By E. Ga> 
ouiLLCT and W. R. Kuttxb, Engineera in Berne, Switzerland. Translated fh)Tn 
tiie German, with numerouB Additions, including Tables and Diagrams, and the 
Elements of oyer 1200 Ganginga of Riyers, Small Channels, and Pipes in English 
Meaaore, by Rudolph Hxbing, Assoc. Am. Soc. C.E., M. Inst. O.B., and Johk 
C. TB4UTWINK Jun., Assoc Am. Soe. C.E., Assoc. Inst. C.B. 8yo. 17s. 

OBEAVES.— Works by John GnxAyxs, M.A., Fellow and Mathematical Lecturer 
at Christ's College, Cambridge. 

STATICS FOR BEGINNERS. GL Svo. Ss. 6d. 

A TREATISE ON ELEMENTARY STATICS. 2d Ed. Cr. 8vo. 6s. 6d. 
HICKS.— ELEMENTARY DYNAMICS OF PARTICLES AND SOLIDS. By 
W. M. HioKB, Principal and Professor of Mathematios and Physics, Firth Col- 
lege, Sheffield. Cr. 8vo. 6s. 6d. 

JELLETT.— A TREATISE ON THE THEORY OF FRICTION. By John H. 
Jellstt, B.D., late Provost of Trinity College, Dublin. 8vo. 8s. 6d. 

KENNEDY.— THE MECHANICS OF MACHINERY. By A. B. W. Exnnedt, 

F.R.S. ninstrated. Cr. 8vo. 128. 6d. 
LOOK.— Works by Rev. J. B. Lock, M.A. 

ELEMENTARY STATICS. 2d Ed. Gl. Svo. 4s. 6d. 

DYNAMICS FOR BEGINNERS. 3d Ed. Gl. 8yo. 4s. 6d. 

MAOGBEGOB.— KINEMATICS AND DYNAMICS. An Elementary Treatise. 

By J. G. MaoGbbgob, D.So., Munro Professor of Physics in Dalhousie College, 

HaUfiiz, Nova Scotia. Illustrated. Cr. 8vo. 10s. 6d. 
PABKINSON.— AN ELEMENTARY TREATISE ON MECHANICS. By 8. 

Pahkinson, D.D., P.R.S., late Tutor and Pwslector of St. John's CoUege, 

Cambridge. 6th Ed., revised. Cr. 8vo. 0s. 6d. 

PIBDEL— LESSONS ON RIGID DYNAMICS. By Rev. G. Pirib, M.A., Professor 
of Mathematics in the University of Aberdeen. Cr. 8vo. 6s. 

BEULEAUK.— THE KINEMATICS OF MACHINERY. Outlines of a Theory of 
Machines. By Prof. F. Reulbauz. Translated and Edited by Prof. A. B. W. 
Kennedy, F.R.S. Illustrated. 8vo. 21s. 

ROUTE.— Works by Edwabd John Routh, D.Sc., LL.D., F.R.S., Hon. Fellov 

of St. Peter's College, Cambridge. 
A TREATISE ON THE DYNAMICS OF THE SYSTEM OP RIGID BODIES 

With numerous Examples. Fourth and enlarged Edition. Two Vols. 8vo 

Vol. I.— Elementary Parts. 14s. Vol. IL— The Advanced Parts. 14«. 
STABILITY OP A GIVEN STATE OF MOTION, PARTICULARLY STEADT 

MOTION. Adams Prize Essay for 1877. 8vo. 8s. 6d. 

SANDERSON.— HYDROSTATICS FOR BEGINNERS. By F. W. Sandshson, 
M.A., Assistant Master at Dulwfch College. Gl. 8vo. 4s. 6d. 
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TAIT AHD 8TEBLE.— ATBBATISB ON DTNAMIOB OF A PABTIGLE. By 
Professor Tait, M.A., and W. J. Stbxub, B. A. 0th Ed., reyised. Or. 8yo. 12s. 
TODHDNTEB.— Works by Isaac ToDHUBTKit, F.B.S. 
MBOBANICS FOB BEOINNEBS. 18mo. 4s. 6d. KEY. Or. 8to. 08. 6d. 
A TBEATISE ON ANALYTICAL STATICS. 5th Ed. Edited by Prof. J. D. 
Byxbxtt, F.B.S. Cr. 8vo. 10s. 6d. 

PH7SIOS : Sound, Liffht, Heat, Electricity, Elasticity, 
Attractions, etc. (See also Mechanics.) 

AIBT.— WorkAby Sir 0. B. Aibt, E.O.B., formerly Astronomer-BoyaL 

ON SOUND^AND ATMOSPHEBIO TIBBATIONS. With the Mathematical 
Elements of Music 2d Ed., revised and enlarged. Or. 8yo. 0s. 

A TBEATISE ON MAGNETISM. Or. Syo. 9s. 6d. 

GBAVITATION: an Elementary Explanation of the Principal Perturbations in 
the Solar System. 2d Ed. Cr. 8vo. 7s. 6d. 
OLAUSniS.— MECHANICAL THEORY OF HEAT. By B. Claubius. Trans- 
lated by W. B. Bbowzte, M.A. Cr. 8vo. lOs. 6d. 

OUMMma.— AN INTBODUCTION TO THE THEOBY OF ELEOTBIOITY. 

By LiinriEn8 0uianNo,M.A., Assistant Master at Bugby. Illustrated. Cr.8vo. 

8s. Od. 
DANIELL.— A TEXT-BOOK OF THE PBINCIFLES OF PHYSICS. By Alfrxd 

DA2nsLL, D.Sc. Illustrated. 2d Ed., revised and enlarged. 8vo. 21s. 
DAY.— EL^CTBIO LIGHT ABITHMETIO. By B. E. Day, Evening Lectui-er in 

Experimental Physics at King's College, London. Pott 8vo. 2s. 
EYEBBTT.— UNITS AND PHYSICAL CONSTANTS. By J. D. Everett, F.R.S., 

Professor of Natural Philosophy, Queen's College, Belfiust. 2d Ed. Ex. fcap. 

8vo. 5a. 
FEBBEBS.— AN ELEMENTABY TBEATISE ON SPHEBICAL HABMONIOS, 

and Sul]|)eGts connected with them. By Bev. N. M. Ferrsbs, D.D., F.B.S., 

Master of Gonville and Oaius CoUegCi Cambridge. Cr. 8vo. 7s. 6d. 
FESSBNDEN.— A SCHOOL CLASS-BOOK OF PHYSICS. By C. Fessendbn. 

Illustrated. Fcp. 8vo. [In the Press. 

OBAY.— THE THEOBY AND FBACTICE OF ABSOLUTE MEASUBEMENTS 

IN ELEOTBIOITY AND MAGNETISM. By A. G&at, F.B.S.B., Professor 

of Physics in the University College of North Wales. Two Vols. Cr. 8vo. 

Vol. I. 12s. 6d. [Vol. II. In (he Press, 

ABSOLUTE MEASUBEMENTS IN ELEOTBIOITY AND MAGNETISM. 2d 

Ed., revised and greatly enlarged. Fcap. 8vo. 5s. 6d. 
IBBETSON.— THE MATHEMATICAL THEOBY OF PEBFECTLY ELASTIC 

SOLIDS, with a Short Account of Viscous Fluids. By W. J. Ibbetsok, late 

Senior Scholar of Clare College, Cambridge. 8vo. 2l8. 
JONES.— EXAMPLES IN PHYSICS. By D. E. Jones, B.Sc, Professor of Physics 

in the University College of Wales, Aberystwyth. Fcap. 8vo. 8s. 5d. 
SOUND, LIGHT, AND HEAT. An Elementary Text-Book. With Illustra- 
tions. Fcap. 8vo. [In the Press. 
LODGE.- MODEBN VIEWS OF ELEOTBIOITY. By Oliver J. Lodge, F.B.S., 

Professor of Experimental Physics in University College, Liverpool. Illus- 
trated. Cr. 8vo. ds. 6d. 
LOEWY.— Works by B. Loewt, Examiner in Experimental Physics to the College 

of Preceptors. 
QUESTIONS AND EXAMPLES ON EXPEBIMENTAL PHYSICS: Sound, 

Light, Heat, Electricity, and Magnetism. Fcap. 8vo. 2s. 
A GBADUATBD COUBSB OF NATUBAL SCIENCE FOB ELEMENTABY 

AND TECHNICAL SCHOOLS AND COLLEGES. In Three Parts. Part L 

First Year's Course. GL 8vo. 2s. 
LUFTON.— NUMBBIOAL TABLES AND CONSTANTS IN ELEMENTABY 

SCIENCE. By S. Lupton, M.A., late Assistant Master at Harrow. Ex. fcap. 

8vo. 8s. 6d. 
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wArwA^t.AW — UHVUTnAT. ABITHMBTia Br A UAagASLAxm, D.Sc., life 
Bmnlner In Mathwnatici at tba UnlTenitj of Bdlnlmrgh. Or. Svo. 7s. 6d. 

MATBR.— SOUND : a Barlw of Slmplo, Bntortainloc, and InazpenaiTe Bzpoi- 
BMBti in tiia Fbanomona of Sonnd. BjA.'iL M atui, Professor of FliyBia 
In tiM StsTQna Instltnts of Technolog7« iUustnted. Or. 8fo. Ss. 6d. 

MATBB AHD BABHABD.— LIOHT : a Serlet of Simple, Bntertaining, and Iiiex- 
pansiTs BzparimantB in tha Phanomena of Light. By A ]£. Matkb and C 
fiAmwAmn IllQitiatad. Or. 8Ta Si. 6d. 

MOLLOT.— aiiBANINGS IN SOIBNOB : Popolar Leotorea on Sclantiflo Sal^eeU 
By tba BsT. Ouuld Moixot» D.Se., Rector of the OathoUo UniTsraity d 
Inland, tvo, 78. M. 

VBWTON.— PRINGIPIA. Bdited by Prot Sir W. Teombov aikl Frot. Blao 
BUEMX. 4to. 81s. 6d. 

THE FIRST THREE SEOTIONS OF NEWTON^ PRINCIPIA. With Notes 
and Illustrations. Also a Collection of Problems, principally intended as 
Examples of Newton's Methods. By P. Fbost, M.A., D.Sc 8d. Bd. 8vo. Ul 

PARKINSON.— A TREATISE ON OPTICS. By S. PAKXiHsoir, D.D., F.RS.. 

late Tutor and Pnelector of St. John's College, Oambtidge. 4ih Bd., lerised 

and enlarged. Cr. 8vo. lOs. 0d. 
PBABODT.-THERMODTNAMICS OF THE STEAM-ENGINB AND OTHEB 

HBAT-ENOINBS. By Caen. H. Psaboot, Associate Profeaaor of SteuL 

Engineering, Massachusetts Institute of Technology 8to. 2l8. 
PBRRT.' STEAM: an Elementary Treatise. By John PsanT, Professor 

of Mechanical Engineering and Applied Mechanics at the Technical OoUege, 

Finshory. 18mo. 4s. <kL 
PRESTON.— A TREATISE ON THE THEORY OF LIOHT. By Thokai 

Pbbston, M. a Illustrated. 8to. {In th» Prut 

RATLBIGH.— THE THEORY OF SOUND. By Lord Rayleirii. F.R.a Sm 

Vol. L 128. 6d. Vol. IL ISs. 0d. [VoL HL In the Prat 

8HANN.— AN ELEMENTARY TREATISE ON HEAT, IN RELATION TO 

STEAM AND THE STEAM • ENQINE. By 0. Shakv, M.A lUnstrated. 

Cr. 8vo. 48. 6d. 
8P0TTI8W00DB.— POLARISATION OF LIGHT. By the late W. Spomswooni, 

F.R.S. Illustrated. Cr. 8to. Ss. 6d. 
STEWART.- Works by Baltouk Stkwabt, F.R.S., late Langworthy Professor of 

Physics in the Owens College, Tictoria tJnivf rsity, Manchester. 
PRIMER OF PHYSICS. Illustrated. With Questions. 18mo. Is. 
LESSONS IN ELEMENTARY PHYSICS. Illustrated. Fcap. 8vo. 4a. 8d. 
QUESTIONS. By Prof. T. H. Conn. Fcap. 8to. 28. 

STEWART AND GBE.— LESSONS IN ELEMENTARY PRACTICAL PHYSICS. 

By Balioub Stbwabt, F.RS., and W. W. Haldanb Obb, B.Sc Cr. 8to. 

Vol. I. Obnxbal FmrsiOAL Proobssbs. 6s. VoL II. ELBorRiorrr aks 

Maonbtibm. 78. 6d. [Vol. III. Oftios, Hbat, and Sound. In the Preo. 

PRACTICAL PHYSICS FOR SCHOOLS AND THE JUNIOR STUDENTS OF 

COLLBQBS. GL Svo. Vol. I. BiiBCTBicrrr and Maonetibx. 2b. 6d. 

[VoL II. Optiob, Hbat, and Sound. In ike Fntt. 
STOKES.— ON LIGHT. Burnett Lectures, delivered in Aberdeen in 1883 •4* 5. 

By Sir G. G. Stokbb, F.R.8., Lucasian Professor of Mathematics in the 

University of Cambridge. First Course : On thb Natubb or Liobt. Second 

Course : On Lioht as a Means or Invbbtxoation. Third Course : On tbi 

Bbnbtxoial EiTBCTB ov LiQBT. Cr. Svo. 78. 6d. 

\* The 2d and 8d Courses may be had separately. Cr. 8vo. Ss. 6d. each. 
STONE.— AN ELEMENTARY TREATISE ON SOUND. By W. H. Stoni. 

Illustrated. Fcp. Svo. 88. 6d. 

TAIT.— HBAT. By P. G. Tait, Professor of Natural Philosophy in the University 
of Edinburgh. Cr. Svo. 6s. 

TAYLOR.— SOUND AND MUSIC. An Elementary Treatise on the Physical Con. 
stitution of Musical Sounds and Harmony, including the Chief Acooatical 
Discoveries of Professor Helmholts. By Sbdlbt Tatlob, M. A Illustrated. 
2d Ed. Ex. Cr. Svo. Ss. 6d. 
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THOMPSON. -BLBMENTABT LESSONS IN BLEOTRIOITT AND MAGNST- 

ISM. By SiLTANXTB p. Thohpsok, Frinciml and Professor of Physics in the 

I Technical College, Finsbnry. Dlastrated. Mew Bd., revised. Fcap. 8to. 48. 6d. 

I THOMSON.— Works l»r J. J. Thomson, Professor of Experimental Physics in the 

Uniyenity of Cambridge. 

A TREATISE ON THE MOTION OF VORTEX RINGS. Adams Prize Essay, 

1882. 8vo. 6s. 
APPLICATIONS OF DYNAMICS TO PHTSICS AND CHBMISTRT. Cr. Bro. 
78. «d. 
THOMSON.— Works by Sir W. Thomson, F.R.B., Professor of Natural Philosophy 
in the University of Glasgow. 

ELECTROSTATICS AND MAGNETISM, REPRINTS OF PAPERS ON. 

2d Ed. 8vo. 18s. 
POPULAR LECTURES AND ADDRESSES. 8 Vols. lUastzated. Or. 8vo. 

Vol. L COMSTITDTION OV MaTTKB. 6S. 

TODHUNTEB.— Works by Isaac Todbuktxb, F.R.S. 

NATURAL PHILOSOPHY FOR fiBGINNER& Part I. The properties of Solid 
and Floid Bodies. 18mo. 8s. 6d. Part II. Sound, Light, and Heat. ISmo. 
8s. <kl. 
AN ELEMENTARY TREATISE ON LAPLACB'S, LAME'S, AND BESSBL'S 

FUNCTIONS. Crown 8vo. 10s. 6d. 
A HISTORY OF THB MATHBMATICAL THEORIBS OF ATTRACTION, AND 
THE FIGURE OF THB EARTH, from the time of Newton to that of Laplace. 
2 vols. 8vo. 24s. 
TURNER.— A COLLECTION OF EXAMPLES ON HEAT AND BLECTRIOITY. 

By H. H. TuBNSB, Fellow of Trinity College, Cambridge. Cr. 8vo. 2s. 6d. 
WBIGHT.—LIGHT: A Coone of Experimental Optics, chiefly with the Lantern. 
By Ljewis Wright. Illustrated. Or. 8vo. 7s. 6d. 

ASTRONOMY. 

AIRY.—Works by Sir G. B. Airt, E.C.B., formerly Astronomer-RoyaL 
POPULAR ASTRONOMY. 18mo. 4s. 6d. 

GRAVITATION : an Elementary Explanation of the Principal Pertorbatlons in 
the Solar System. 2d Ed. Or, 8vo. 7s. 6d. 
OBEYNE.— AN ELEMENTARY TREATISE ON THB PLANETARY THEORY. 
By C. H. H Chntnx. With Problems. 8d Ed. Edited by Rev. A. Frxxmak 
M.A, F.R.AS. Cr. 8vo. 7s. Od. 
FORBES.— TRANSIT OF VENUS. By G. Forbbs, Professor of Natural Philo- 
sophy in the Andersonian University, Glasgow. Illustrated. Cr. 8vo. 8s. 6d. 
GODFBAY.— Works by Hugh GonrRAT, M. A, Mathematical Lecturer at Pembroke 
College, Cambridge. 
A TREATISE ON ASTRONOMY. 4th Ed. 8vo. 12s. 6d. 
AN ELEMENTARY TREATISE ON THE LUNAR THEORY, with a brief 
Sketch of the Problem up to the time of Newton. 2d Ed., revised. Cfar. 8vo. 
58. 0d. 
LOOKYEB.— Works by J. Norhan Locktkr, F.R.S. 
PRIMER OF ASTRONOMY. Dlustrated. 18mo. Is. 

ELEMENTARY LESSONS IN ASTRONOMY.— With Spectra of the Sun, Stars, 
and Nebulse, and numerous Illustrations. 86th Thousand. Revised through* 
out Fcap. 8vo. 68. 6d. 

QUESTIONS ON LOCEYER'S ELEMENTARY LESSONS IN ASTRONOMY. 
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University of Aberdeen. Illustrated. VoL I. 8vo. 25s. 
KLEIN.- Works by B. Klein, F.RS., Lecturer on General Anatomy and Physio- 
logy in the Medical School of St Bartholomew's Hospital, London. 
HICBO-OBGANISMS AND DISEASE. An Introduction into the Study of 

Specific Micro-Organisms. Illustrated. Sd Ed., revised. 0^. 8vo. 6s. 
THE BACTBBIA IN ASIATIC CHOLBBA. Cr. 8vo. 5s. 

D 
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WHITB.— A TBXT-BOOK OF GENERAL THBBAPBUTIGB. By W. Hali 

Whits, M.D., Senior Assistant Physician to and Lecturer in Materia Medics ftt 

Gay's Hospital IHnstrated. Or. Sva 88. 6d. 
ZZBOLB&—MA0ALISTBR.— TEXT -BOOK OF PATHOLOGICAL ANATOMI 

AND PATHOGENESIS. By Prof. B. Zixolsb. Tianilated and Edited by 

Donald Macaustkr, M.A., M.D., Fellow and Medical Lecturer of SL John's 

OoUege, Oambridge. Illustrated. 8to. 
Part L— GENERAL PATHOLOGICAL ANATOMY. 2d Ed. 128. 6d, 
Partn.^-SPSCIAL PATHOLOGICAL ANATOMT. Sections I.-YIII. Sd ^ 

128. (kU Sections IX.>XIL 12s. 6d. 



HUMAN SCIENCES. 

Mental and Moral Philosophy ; PoUtioal Economy ; Law and Politics ; 

Anthropology ; Ednoation. 

MENTAL AND MORAL PHILOSOPHY. 

BOOIiE.~THB MATHEMATICAL ANALYSIS OF LOGIC. Being an Eass; 

towards a Calculus of Deductive Reasoning. By Gkobob Boolx. 8yo. 5s. 
CALDBBWOOD.— HANDBOOK OF MORAL PHILOSOPHY. By Rey. Hknbi 

0aij)KBWOOd, I1L.D., Professor of Moral Philosophy in the Uniyersity 0^ 

Edinhurgh. 14th Ed., largely rewritten. Or. 8yo. fts. 
OUFPORD.— SEEING AND THINKING. By the late Prot W. K. Cufiobd. 

F.R.S. With Diagrams. Or. 8yo. 8s. 6d. 
JABDINB.— THE ELEMENTS OF THE PSYCHOLOGY OF COGNITION. By 

Rev. RoBKRT jAADzme, D.Sc 8d Ed., revised. Cr. 8vo. 68. 6d. 
JEVONS.— Works by W. Staklky Jxvonb, F.R.S. 
PRIMER OF LOGIC. 18mo. Is. 
ELEMENTARY LESSONS IN LOGIC ; Deductive and Inductive, with Copioiu 

Questions and Examples, and a Vocabulary of Logical Terms. Fcap. Svo. 8s. 0d. 
THE PRINCIPLES OF SCIENCE. A Treatise on Logic and Scientific Method. 

New and revised Ed. Cr. 8vo. 12s. 6d. 
STUDIES IN DEDUCTIVE LOGIC. 2d Ed. Or. 8vo. 08. 
PURE LOGIC: AND OTHER MINOR WORKS. Edited by R. Abamsok, 

M.A., LL.D., Professor of Logic at Owens College, Manchest^, and Habrist 

A. Jkvons. With a Preface by Prof. Adaicson. 8vo. lOs. 6d. 
KANT— MAX MULLEB.— CRITIQUE OF PURE REASON. By Imhanukl Kaht. 

2 vols. 8vo. 16s. each. Vol. I. HISTORICAL INTRODUCTION, by Lxn>- 

WIG NoirA ; VoL II. CRITIQUE OF PURE REASON, translated by F. Max 

MOller. 
KANT— MAHAFFT AND BERNARD.— KANT'S CRITICAL PHILOSOPHY FOR 

ENGLISH READERS. By J. P. Mahaffv, D.D., Professor of Ancient History 

in the University of Dublin, and John H. Bernard, B.D., Fellow of Trinity 

College, Dublin. A new and complete Edition in 2 vols. Or. 8vo. 

Vol. I. The Kritik of Pure Reason Explained and Defended. 78. 6d. 

Vol. II. The Prolegomena. Translated with Notes and Appendices. 68. 
S3YNES.— FORMAL LOGIC, Studies and Exercises in. Including a Generalisatioo 

of Logical Processes in tiieir application to Complex Inferences. By Johh 

Neville Ketnes, M.A. 2d Ed., revised and enlarged. Cr. 8vo. IQs. 6d. 
MoOOSH.— Works by James MgCosh, D.D., President of Princeton College. 
PSYCHOLOGY. Cr. 8vo. 

L THE COGNITIVB POWERS. 6s. 6d. 

n. THE MOTIVE POWERS. 6s. 6d. 

FIRST AND FUNDAMENTAL TRUTHS: being a Treatise on MeUphysios. 
Ex. cr. 8yo. 9s. 



POLITICAL ECONOMY 30 

MAURIOB.— MORAL AND MBTAPHTSIGAL PHILOSOPHY. By F. D. 

MAtTRics, M.A., late Professor .of Moral Philosophy in the University of Gam- 
bridge. Vol. I.— Ancient Philosophv and the First to the Thirteenth Cmtnries. 
- YoLlL— Fourteenth Century and iaie French Revolution, with a glimpse into 
the Nineteenth Century. 4th Bd. 2 vols. 8vo. 16s. 
RAT.— A TBXT-BOOK OF DEDUCTIVE LOGIC FOR THE USB OF STUDENTS. 
By P. E. Rat, D.Sc., Professor of Logic and Philosophy, Presidency College, 
Calcutta. 4th Ed. Globe 8vo. 4s. 6d. 
SIDGWIOK.— Works by Hknbt Sidgwick, LL.D. D.C.L., Enightbrldge Professor 
of Moral Philosophy in the University of Cambridge. 
THE METHODS OF ETHICS. 8dEd. 8vo. 14s. A Supplement to the 2d Ed., 
containing all the important Additions and Alterations In tlie 8d Ed. Svo. 6s. 
OUTLINES OF THE HISTORY OF ETHICS, for English Readers. 2d Ed., 
revised. Cr. Svo. 8s. 6d. 

VENN.—Works by John Venn, F.R.S., Examiner in Moral Philosophy in the 
University of London. 

THE LOGIC OF CHANCE. An Essay on the Foundations and Province of the 
Theory of Probability, with special Reference to its Logical Bearings and its 
Application to Moral and Social Science. 8d Ed., rewritten and greatly en- 
larged. Cr. 8vo. 10s. 6d 

SYMBOLIC LOGia Cr. 8vo. 10s. 6d. 

THE PRINCIPLES OF EMPIRICAL OR INDUCTIVE LOGIC. Svo. 18s. 



POLITIOAIi ECONOMY. 

BOHM-BAWEBK.— CAPITAL AND INTEREST. Translated by William Smabt, 

M.A. Svo. 14s. 
CAIBNES.— THE CHARACTER AND LOGICAL METHOD OF POLITICAL 

ECONOMY. By J. B. Caibnbs. Cr. Svo. 6s. 

SOME LEADING PRINCIPLES OF POLITICAL ECONOMY NEWLY EX- 

POUNDED. By the Same. Svo. 148. 
OOSSA.— GUIDE TO THE STUDY OF POLITICAL ECONOMY. By Dr. L. 

CossA. Translated. With a Preface by W. S. Jevons, F.R.S. Cr. Svo. 48. 6d. 
PAWCBTT.— POLITICAL ECONOMY FOR BEGINNERS, WITH QUESTIONS. 

By Mrs. Hknry Fawgbtt. 7th Bd. ISmo. 2s. 6d. 
TALES IN POLITICAL ECONOMY. By the Same. Cr. 8vo. 8s. 
FAWOBTT.— A MANUAL OF POLITIOAL ECONOMY. Bv Right. Hon. HsmtT 

Fawcktt, F.R.S. 7th Ed., revised. With a Chapter on ''^State Socialism and 

the Nationalisation of the Land," and an Index. Cr. Svo. 128. 6d. 
AN EXPLANATORY DIGEST of the above. By C. A Watebs, B. A Cr. Svo. 

2s. 6d. 
GUNTON.— WEALTH AND PROGRBSS: A Critical Examination of the Wages 

Question and its Economic Relation to Social Reform. By Gxobge Gunton. 

Or. Svo. 6s. 
HOWELL.— THE CONFLICrTS OF CAPITAL AND LABOUR Historically and 

Economically considered, being a History and Review of the Trade Unions of 

Great Britain, showing their origin. Progress, Constitution, and OltJects, in 

their varied rolitleal, Social, Economical, and Industrial Aspects. By 

Geoboe Howell, M.P. 2d Ed. revised. Cr. Svo. 6s. 
JEVONS.— Works by W. Stanlet Jevons, F.RS. 
PRIMER OF POLITICAL ECONOMY. ISmo. Is. 

THE THEORY OF POLITICAL ECONOMY. 8d Ed., revised. Svo. lOs. 6d. 
SEYNBS.— THE SCOPE AND METHOD OF POLITICAL ECONOMY. By 

J. N. EIbynes, M. a [In preparation, 

MARSHALL.— THE ECONOMICS OF INDUSTRY. By A Marshall, M.A, 

Professor of Political Economy in the University of Cunbridge, and Mary 1'. 

Marshall. Ex. fcap. Svo. 2i. 6d. 

MARSHALL.— THE PRINCIPLES OF ECONOMICS. By Altbed Marshall, 
H.A 8 vols. Svo. [Vol L Shortlv. 
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PALGRA.7B. — A DICmONART OF FOLITIOAL BOONOMT. Bj variooi 
Writers. Edited liy R. H. broLU TALaftAjm. [Zn fhe Pna. 

BIDOWIOK.— THB PRINCIPLES OF FOLITIOAL ECONOMY. By Utsm 
BiDowioK, LL.D., D.O.L., Knightbrldge Professor of Moral Philosophy in the 
Uniyersity of Cambridge. Sd Ed., reyised. 8to. 16a. 
WAULBR.— Works by Fhavcis A. Walksr, M.A. 
FIRST LESSONS IN POLITICAL ECONOMY. Cr. 8to. Ss. 
A BRIEF TEXT-BOOK OF POLITICAL ECONOMY. Cr. Svo. 8b. 6d. 
POLITICAL ECONOMY. 9d Ed., revised and enlaxged. Bra 12b. 6d. 
THE WAGES QUESTION. 8yo. lis. 
WIOKSTEBD.— ALPHABET OF ECONOMIC SCIENCE. By Phii.xp H. Wice 
BTKED, M.A. Part I. Elements of the Theory of Value or Worth. GL Sra 
2s. 6d. 

LAW AND POLITICS. 

ADAMS AND CUNNINGHAM.— THE SWISS CONFEDERATION. By Sir 

F. O. Adams and C. Cunninqhax. 8vo. 14s. 
ANGLO-SAXON LAW, ESSAYS ON.— Contents : Anglo-Saxon Law Courts, Jjuii 

and Family Law, and Legal Procedore. 8yo. 18s 
BALL.— THE STUDENTS GUIDE TO THE BAR. By Walter W. R. Bau., M. A. 

Fellow and Assistant Tutor of Trinity College, Cambridge. 4th Ed., revised 

Cr. 8yo. 2s. 6d. 

BIGBLOW.— HISTORY OF PROCEDURE IN ENGLAND FROM THBS NORMAN 
CONQUEST. The Norman Period, 1066-1204. By Mbltillx M. Bioklov, 
Pb.D., Haryard Uniyersity. 8yo. 16s. 

BEYOB.— THE AMERICAN COMMONWEALTH. By Jaxb Bbtox, M.P. , D.C.L, 
Regius Professor of Civil Law in the University of Oxford. Two Volmneii 
Ex. cr. Svo. 26s. Part I. The National Government. Part II. The State 
Governments. Part III. The Party System. Part lY. Public Opinion. 
Part V. Illustrations and Reflections. Part VI. Sociid Institutions. 

BUdKLAND.-OUR NATIONAL INSTITUTION& A Short Sketch for School& 
By Anna Buckland. With Glossary. 18mo. Is. 

DICEY.— INTRODUCTION TO THB STXTDYOF THE LAW OF THB CONSTITU- 
TION. By A. V. DiGXT, B.O.L., Vinerian Professor of English Law in the 
Uniyersity of Oxford. 8d Ed. Svo. 12s. 6d. 

DILKB.— PROBLEMS OF GREATER BRITAIN. By the Right Hon. Sir 
Cha&ijeb Wsktwobth Dilks. With Maps. 2 yols. Svo. 86s. 

DONISTHOEPB.— INDIVIDUALISM: A System of PoUtios. By Wohdbwobtb 

DONISTHORPS. 8vo. 14s. 

ENGLISH CITIZEN, THE.— A Series of Short Books on his Bights and Responsi- 
bilities. Bditea by Hknkv Cbaik, LL.D. Cr. 8yo. 8s. 6d. each. 

CENTRAL GOVERNMENT. By H. D. Traill, D.C.L. 

THE ELECTORATE AND THE LEGISLATURE. By Spkncsr Walpolk. 

THB POOR LAW. By Rev. T. W. Powlk, M.A. 

THB NATIONAL BUDGET; THB NATIONAL DEBT; TAXES AND RATES 
By A. J. Wilson. 

THB STATE IN RELATION TO LABOUR. By W. Stanley Jevons, LL.D. 

THE STATE AND THE CHURCH. By the Hon. A&THU& Elliot, M.P. 

FOREIGN RELATIONS. By Spenoeb Walpolk. 

THB STATE IN ITS RELATION TO TRADE. By Sir T. H. PahrSb, Bart 

LOCAL GOVERNMENT. By M. D. Chalmsbs, M.A. 

THB STATE IN ITS RELATION TO EDUCATION. By Hsnby Cbaik, LL.IX 

THB LAND LAWS. By Sir F. Pollock, Bart., Professor of Jurisprudence in 
the University of Oxford. 

COLONIES AND DEPENDENCIES. Part L INDIA. By J. & Cotton, M.A. 
IL THB COLONIES. By B. J. Patns, M.A. 

JUSTICE AND POLICE. By P. W. Maitland. 

THB PUNISHMENT AND PREVENTION OF CRIME. By Colonel Sir EDwnic 
DU Cank, K.C.B., Chairman of Comissioners of Prisons. 



HOLMES.— THB COMMON LAW. By O. W. Holmxs Jan. Demy 8to. 128. 
IKAITLAin).— PLBAS OP THB CROWN FOR THE COUNTY OP GLOUCBSTBR 

BBPORE THE ABBOT OP READING AND HIS PELLOW JUSTICES 

ITINERANT, IN THE PIPTH YEAR OP THE REIGN OP KING HENRY 

THB THIRD, AND THB YEAR OP GRACE 122L By P. W. Maitland. 

8vo. 78. 6<L 
PATEBSON. — Works hj Jamxb Patebson, Barrister-at-Law. 

OOMMENTARIES ON THB LIBERTY OP THB SUBJECT, AND THE LAWS 

OP ENGLAND RELATING TO THE SECURITY OP THE PERSON. Cheaper 

Issue. Two Vols. Or. 8vo. 2l8. 
THB LIBERTY OP THB PRESS, SPBECH, AND PUBLIC WORSHIP. 

Being Commentaries on the Liberty of the Subject and the Iaws of England. 

Or. Svo. 128. 

pmLLIMOBE.— PRIVATE LAW AMONG THE ROMANS. Prom the Pandects. 

By J. G. Fhillimobb, Q.C. 8vo. 16s. 
POLLOCK.— ESSAYS IN JURIBFRUDENCE AND ETHICS. By Sir Pbsdebick 

Pollock, Bart., Corpus Christi Flrofessor of Jurisprudence in the University 

of Oxford. 8vo. lOs. 6d. 
INTRODUCTION TO THE HISTORY OP THB SCIENCE OP POLITICS. 

By the same. Cr. 8to. 2s. 6d. 
BIOHEY.— THE IRISH LAND LAWS. By Alexandsb G. Riohkt, Q.C., Deputy 

Regius Professor of Peudal English Law in the University of Dublin. Cr. 8vo. 

88. 6d. 
SIDOWICK.— THB ELEMENTS OP POLITICS. By Hjenby Sidowick, LL.D. 

8vo. [In (he Press, 

STEPHEN.— Works by Sir J. Pitzjambs Stephen, Q.C, E.C.S.I., a Judge of the 

High Court of Justice, Queen's Bench Division. 

A DIGEST OP THB LAW OP BVIDENCB. 6th Ed., revised and enlarged. 
Or. 8vo. 6s. 

A DIGEST OP THB CRIMINAL LAW : CRIMES AND PUNISHMENTS. 4th 
Ed., revised. 8vo. 168. 

A DIGEST OP THB LAW OP CRIMINAL PROCBDURB IN INDICTABLB 
OPPENCES. By Sir J. P. Stephen, K.C.aL, and H. Stephen, LL.M., of the 
Inner Temple, Barrister-at-Law. 8vo. 12a. 6d. 

A HISTORY OP THE CRIMINAL LAW OP ENGLAND. Three Vols. 8vo. 488. 

GENERAL VIEW OP THE CRIMINAL LAW OP ENGLAND. 2d Ed. 8vo. 
148. The first editdon of this work was published in 1868. The new edition is 
substantially a new work, intended as a text-book on the Criminal Law for 
University and other Students, adapted to the present day. 

ANTHROPOLOGY. 

FLOWER.— PASHION IN DBPORMITY, as Illustrated in the Customs of 

Barbarous and Civilised Races. By Prof. Ploweb, P.R.S. Illustrated. Cr. 

8vo. 2s. 6d. 
FRAZEB.— THE GOLDEN BOUGH. A Study in Comparative Religion. By J. 

G. Pbazeb, M.A., Pellow of Trinity College, Cambri^e. 2 vols. 8vo. 28s. 
M'LENNAN.— THE PATRIARCHAL THEORY. Based on the papers of the late 

John P. M'Lennan. Edited by Donald M'Lennan, M.A., Barrister-at-Law. 

8vo. 14s. 
STUDIES IN ANCIENT HISTORY. Comprising a Reprint of "Primitive 

Marriage." An inquiry into the origin of the form of capture in Marriage 

Ceremonies. 8vo. 16s. 

TYLOR.— ANTHROPOLOGY. An Introduction to the Study of Man and dvillaa. 
tion. By E. B. Ttlob, P.RS. Illustrated.. Cr. 8vo. 78. 6d. 

EDUCATION. 

ARNOLD.— REPORTS ON ELEMENTARY SCHOOLS. 1862-1882. By Matthew 
Abnold, D.CL. Edited by the Right Hon. Sir Pbanoxs Sanbiobd, E.C.B. 
Cheaper Issue. Cr. 8vo. Ss. 6d. 
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BALL.~THB STUDENrS GUIDE TO THE BAR. By Waltxb T7. B. Bau, 

M.A., Fellow and ABaUtant Tutor of Trinity College, Oambridse. 4th Ed., 

rerlaed. Or. Svo. 2b. 6d. 
BLAB38T0H.— THE TEACHER. Hints on School Management. A handhoo* 

for llanagera, Teaehera* AaaiatantB, and Pupil Teachers. By J. R. Bi.akistos. 

Or. Sra 2s. 6d. (Recommended by the London, Birmingham, and Ijeicestar 

School Boards.) 
OALDBBWOOD.— ON TEACHING. By Frofl Hsnbt Oaldskwoojk New Ei 

Ex. foap. 8yo. 2s. 6d. 
FITOH.— NOTES ON AMERICAN SCHOOLS AND TRAININa COUEiBGES 

Reprinted from the Report of the English Education Department fbr 1888-89 

wiui permission of the Controller of H.M.'s Stationery Office. By J. G. 

FiTOH, M.A. Gl. 8yo. 2s. 6d. 
QBIKIB.— THE TEACHING OF GEOGRAPHY. A Practical Handbook for flu 

use of Teachers. By Abohibald Gaxxis, F.R.S., Director -General of th: 

Geological Survey of the United Eingdom. Gs. 8to. 2s. 
GLADSTONB.— OBJECT TEACHING.—A Lecture delivered at the Pupil-Teachei 

Centre, William Street Bound School, Hammersmith. By J. H. Qladstoke, 

F.R.S. With an Appendix. Or. 8vo. 8d. 
SPELLING REFORM FROM A NATIONAL POINT OF VIEW. By the 

same. Cr. 8vo. Is. 6d. 
HBRTBL.-OVERPRESST7RE IN HIGH SCHOOLS IN DENMARSL By Dr 

HsRTBL. Translated by C. G. Sokknskn. Wildx Introduction by Sir J. 

Orxohtox-Bbownb, F.R.S. Cr. 8vo. Ss. 6d. 



TECHNICAL KNOWLEDGE. 

(see ALSO MECHANICS, LAW, AND MEDICINE.) 

Civil and Meohaaioal Engineering ; Military and Naval Sdeiioe ; 
Agrioultnre ; DomeBtlo Boonomy ; Book-Keeplng. 

OIVIL AND MEOHANICAIi ENGINBBBING-. 

ALEXANDER AND THOMSON.— ELEMENTART APPLIED MECHANICS. By 
T. Alxxakder, Professor of Civil Engineering, Trinity College, Dublin and 
A. W. Thomson, Lecturer in Engineering at the Technical College, Glaagow 
Part II. TRANavxRSK Stress. Cr. 8vo. 10s. 6d. 

CHALMERS. -GRAPHICAL DETERMINATION OP FORCES IN ENGINEER- 
ING STRUCTURES. By J. B. Chalmers, C.E. Illustrated. 8vo. 24a. 

OOTTERILL.— APPLIED MECHANICS : an Elementary General Introduction to 
the Theory of Structures and Machines. By J. H. Cottbrill, F.R.S., Pro- 
fessor of Applied Mechanics in the Royal Naval College, Greenwich. 2d Ed. 
8vo. 18s. 

OOTTERILL AND SLADE.— ELEMENTART MANUAL OF APPLIED MBGHAK^ 
ICS. By Prof. J. H. Cotterill and J. H. Slade. Cr. 8vo. [In the Press. 

KENNEDY.— THE MECHANICS OF MACHINERY. By A. B. W. Kkmnbdy 
F.B.S. Illustrated. Cr. 8vo. 12s. 6d. 

REULEAUZ.— THE KINEMATICS OF MACHINERY. Outlines of a Theory of 
Machines. By Prof. F. Rettlbaxtx. Translated and Edited by Prof. A. B. W. 
Kennedy, F.R.S. Illustrated. 8vo. 2l8. 

WHITHAM— STEAM-ENGINE DESIGN. For the Use of Mechanical Bngineeis, 
Students, and Draughtsmen. By J. M. Whitham, Professor of Engineering, 
Arkansas Industrial University. Illustrated. 8vo. 26s. 

TOUNG.-SIMPLB PRACTICAL METHODS OF CALCULATING STRAINS 
ON GIRDERS, ARCHES, AND TRUSSES. With a Supplementary Essay on 
Economy in Suspension Bridges. By E. W. Youko, O.B. With Diagrama 
8vo. 7a. 6d. 



MIIilTARY AND NAVAL SOIENOB. 

-THE GROWTH OF THE RECRUIT AND YOUNG SOLDIER. With 
a view to the selection of " Growing Lcids " for the Army, and a Regulated 
System of Training for Recmits. By Sir W. Aitkkn, F.K.S., Professor of 
Pathology in the Army Medical School. Gr. 8vo. 8s. 6d. 

ARMY PREUMINART EXAMINATION. 1882-1889, Specimens of Papers set at 
the. With Answers to the Mathematical Questions. Subjects : Arithmetlei 
Algebra, Euclid, Geometrical Drawing, Geography, French, English Dictation. 
Or. 8v o. 88. Cd. 

MEROUB.— ELEMENTS OF THE ART OF WAR. Prepared for the use of 
Cadets of the United States Military Academy. By James Mbrgur, Professor 
of C^vil Bn^eering at the United States Academy, West Point, New York. 
2d Ed., revised and corrected. 8vo. 17s. 

PALMER.— TEXT BOOK OF PRACTICAL LOGARITHMS AND TRIGONO- 
METRY.— By J. H. Palmer, Head Schoolmaster, R.N., H.M.a Cambridge, 
Devonport Gl. 8vo. 4s. 6d. 

BOBINSON.— TREATISE ON MARINE SURVEYING. Prepared for the use of 
younger Naval Officers. With Questions for Examinations and Ezerciseii 
principally firom the Papers of the Royal Naval College. With the results. 
By Rev. Johk L. RoBnraoN, Chaplain and Instructor in the Royal Naval 
College, Greenwich. Blustrated. Or. 8vo. 78. 6d. 

SANDHURST MATHEMATICAL PAPERS, for Admission into the Royal MiUtary 
College, 1881-1889. Edited by B. J. Brooksmith, B.A., Instructor ih Mathe- 
matics at the Royal Military Academy, Woolwich. Cr. 8vo. [ImmedkUdy. 

SHORTLAND.— NAUTICAL SURVEYING. By the late ^ce- Admiral Shortlaitd, 
LL.D. 8vo. 2l8. 

WILKINSON.— THE BRAIN OF AN ARMY. A Popular Account of the German 
General Staff. By Spenser Wilkinson. Cr. 8vo. 2s. 6d. 

WOLSELET.— Works by General; Viscount Wouislet, G.C.M.G. 

THE SOLDIER'S POCKET-BOOK FOR FIELD SERVICE. 6th Ed., revised 
and enlarged. 16mo. Roan. 6s. 

FIELD POCK ET-BO OK FOR THE AUXILIARY FORCES. 16mo. Is. 6d. 
WOOLWICH MATHEMATICAL PAPERS^ for Admission into the Royal Military 
Academy, Woolwich, 1880-1888 inclusive. Edited by E. J. Brooksmith, B.A., 
Instructor in Mathematics at the Royal Military. Academy, Woolwich. Cr. 
8vo. 6s. 

AGRICULTURE. 

FRANKLAND.— AGRICULTURAL CHEMICAL ANALYSIS, A Handbook of. 
By Perot F. Frankland, F.R.S., Professor of Chemistry, University College, 
Dundee. Founded upon Lei^fiuten fwr die AgriouUwn ChemUkt ArmyUf von 
Dr. F. Krogker. Cr. 8vo. 78. 6d. 
SMITH.— DISEASES OF FIELD AND GARDEN CROPS, CHIEFLY SUCH AS 
ARE CAUSED BY FUNGI. By WoRTHiNOToxf G. Smith, F.L.S., Illustrated. 
Fcap. 8vo. 4s. 6d. 
TANNER.— ELEMENTARY LESSONS IN THE SCIENCE OF AGRICULTURAL 
PRACTICE. By Henrt Tanker, F.C.S., M.R.A.C., Examiner in the Prin- 
ciples of Agrictdtnre under the Government Department of Science. Fcap. 
8vo. 8s. 6d. 
FIRST PRINCIPLES OF AGRICULTURE. By the same. 18mo. Is. 
THE PRINCIPLES OF AGRICULTURE. By the same. A Series of Reading 
Books for use in Elementary Schools. Ex. fcap. 8vo. 
I. The Alphabet of the Principles of Agriculture. 6d. 
II. Further Steps in the Principles of Agriculture. Is. 
in. Elementary School Readings on the Principles of Agriculture for the 
third stage. Is. 
WARD.— TIMBER AND SOME OF ITS DISEASES. By H. Marshall Ward, 
M.A., F.L.S., F.R.S., Fellow of Christ's College, Cambridge, Professor of 
Botany at the Royal Indian Engineering College, Cooper's Hill. With Illustra- 
tionfl. Cr. 8vo. 6s. 



TT 



fi:>[iTei:?.l- 



DOMESTIO BOONOMY. 



BABXBB.— FIBST LESSONS IN THE PBINCIPLBS OF OOOKINa. By Last 

Barkbb. 18mo. li. 
B BBNE B8.— FIRST LESSONS ON HEALTH. By J. BsBinEBa. I8mo. Is. 
BLTTH.— A MANUAL OF PUBLIC HBAI/TH. By A. Wtkteb Bltth, ICRCS 

8yo. iln tJU Pro. 

OOOKEBT BOOK.— THE MIDDLE GLASS COOKERY BOOK. Bdited by titc 

Manchester School of Domestic Cookery. Fcap. 8yo. Is. dd. 
OBAVEN.— A GUIDE TO DISTRICT NURSES. By Mrs. Dagrb G&avkxt (nk 

Flobinoz Sakah LxssX Hon. Associate of the Order of St John of Jerusalem 

kc Cr <8yo. 28. 6d. 
FBBDBBIOK.— HINTS TO HOUSEWIVES ON SEVERAL POINTS. PAB 

TICUL ARLY ON THE PREPARATION OP ECONOMICAL AND TaSeKFUI 

DISHES. By M rs. Fb kdebick. Cr. Syo. Is. 
ORAMD'HOMME.— CUTTING-OUT AND DRESSMAKING. From the French of 
I Mdlle. E. Giuim'HOMMX. With Diagrams. 18mo. Is. 

JBZ-BLAKB.— THE CARE OF INFANTS. A Manoal for Mothers and Nnnes. 

By Sophia Jkz>Blaks, M.D., Lecturer on Hygiene at the London School of 

Medicine for Women. 18mo. Is. 
BATHBONE.— THE HISTORY AND PROGRESS OF DISTRICT NURSING 

FROM ITS COMMENCEMENT IN THE YEAR 1859 TO THB PRESENT 

DATE, including the foundation by the Qneen of the Queen Victoria Jubilee 

Inatitnte for Nursing the Poor in their own Homes. By WnxiAic B^thbokx, 
' M.P. Cr. 8yo. Ss. 6d. 

TBOETMBIBB.— HOUSEHOLD MANAGEMENT AND COOKERY. With an 
Appendix of Recipes used by the Teachers of the National School of Cookery. 
By W. B. TsGKTMKnEB. Compiled at the request of the School Board for 
London. 18mo. Is. 

WBIOHT.— THE SCHOOL COOKERY-BOOK. Compiled and Edited by a E. 
GuTHBix W&iOHT, Hon. Sec. to the Edinburgh School of Cookery. ISmo. is. 

BOOK-KEEPING. 

THORNTON.— FIRST LESSONS IN BOOK-KEEPING. By J. Thorotoh. 
Cr. 8yo. 2s. 6d. KEY. Oblong 4to. 10s. 6d. 
, PRIMER OF BOOK-KEEPING. By the Same. 18mo. Is. [Key Immediatdy 

GEOGRAPHY. 

(see ALSO PHYSICAL GEOGRAPHY.) 

BARTHOLOMEW.— THE ELEMENTARY SCHOOL ATLAS. By John Bab- 
THOLOUEW, F.R.G.S. 4to. Is. 

This Elementary Atlas is designed to illustrate the principal text -books 
on Elementary Geography. 
PHYSICAL AND POLITICAL SCHOOL ATLAS, Consisting of 80 Maps and 
complete Index. By the Same. Prepared for the use of Senior Pupils. 
Royal 4to. [In the Prtss. 

THE LIBRARY REFERENCE ATLAS OF THB WORLD. By the Same. 
A Complete Series of 84 Modem Maps. With Geographical Index to 100,000 
places. Half-morocco. Gilt edges. Folio. £2 : 12 : 6 net 

•»• Tbia work has been designed with the object of supplying the public 

with a thoroughly complete and accurate atlas of Modem Geography, in a 

convenient reference form, and at a moderate price. 

CLARKE.- CLASS-BOOK OP GEOGRAPHY. By C. B. Clakkb, F.R.S. New 

Ed., revised 1889, with 18 Maps. Fcap. 8vo. Paper covers, 8s. Cloth, Ss. 6d. 

GBIKIE.— Works by Archibald Geikix, F.R.S., Director-General of the Geological 
Survey of the United Kingdom. 



THB TBAGHING OF OEOORAFHT. A Fraetieal Hsndbook for the um of 

Teachers. Cr. 8vo. 28. 
OBOGRAFHY OF THE BRITISH ISLES. 18mo. It. 
OBEEN.—A SHORT GEOGRAPHY OF THE BRITISH ISLANDS. By John 

RiCHABD Grkkn and A. S. Grskn. With Maps. Fcap. 8vo. 8s. 6d. 
OBOVE.— A PRIMER OF GEOGRAPHY. By Sir Gsobok Gbovs, D.aL. 

ninstrated. 18nio. Is. 
KIEPEBT.— A MANUAL OF ANCIENT GEOGRAPHY. By Dr. H. Kispxrt. 

Cr. 8vo. 5s. 
MAOMTTiTiAN*S GEOGRAPHIOAL SERIES. — Edited by Archibald Geixib, 
F.R.B., Director-General of the Geological Survey of the United Kingdom. 
THE TBAGHING OF GEOGRAPHY. A Practical Handbook for the Use of 

Teachers. By Abohibald Geikix, F.RS. Or. 8to. 2s. 
MAPS AND MAP-MAKING. By W. A. Eldbbton. [In the Press. 

GEOGRAPHY OF THE BRITISH ISLES. By A. Gkikiz, F.R.S. 18mo. Is. 
AN ELEMENTARY GLASS-BOOK OF GENERAL GEOGRAPHY. By H. R. 
Mill, D.Sc, Lecturer on Physiography and on Commercial Geography in 
the Heriot-Watt College, Edinburgn. Illustrated. Cr. 8vo. 8s. 6d. 
GEOGRAPHY OF THE BRITISH COLONIES. By G. M. Dawson and A. 
Sutherland. [In preparaiion. 

GEOGRAPHY OF EUROPE. By J. Sime, M.A. Illustrated. GL 8vo. 

[In (he Press. 
GEOGRAPHY OF INDIA. By H. F. Blantobd, F.G.S. [In the Press. 

GEOGRAPHY OF NORTH AMERICA. By Prof. N. S. Shaleb. 

[In pr^MToHon. 
ADVANCED CLASS-BOOK OF THE GEOGRAPHY OF BRITAIN. 
%* Other volumes will be announced in due course. 
STRAOHEY.^LECTURES ON GEOGRAPHY. By General Richabd Strachet, 
R.E. Or. 8yo. 48. 6d. 
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ABNOLD.—^THE SECOND PUNIC WAR. Being Chapters flnm THE HISTORY 
OF ROME, by the late Thomas Arnold, D.D. , Headmaster of Rugby. Edited, 
with Notes, by W. T. Arnold, M.A. With 8 Maps. Cr. 8vo. 8s. 6d. 

ARNOLD.— THE ROMAN SYSTEM OF PROVINCIAL ADMINISTRATION TO 
THE ACCESSION OF C0N8TANTINE THE GREAT. By W. T. Arnold, 
M.A. Cr. 8vo. 6s. 

BEESLY.— STORIES FROM THE HISTORY OF ROME. By Mrs. Bsisly. 
Fcap. 8vo. 2s. 6d. 

BRYOE.— Works bv James Brtob, M.P., D.C.L., Regius Professor of Civil Law 
in the University of Oxford. 
THE HOLY ROMAN EMPIRE. 9th Ed. Cr. 8vo. 7s. 6d. 
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THE AMERICAN COMMONWEALTH. 2 vols. Ex. cr. 8vo. 25s. Part I. 
The National Government. Fart II. The Slate Gtovemments. Part III. 
The Party System. Part IV. Public Opinion. Part V. Illustrations and 
Reflections. Part VI. Social Institutions. 

BUCKLEY.— A HISTORY OF ENGLAND FOR BEGINNERS. By Arabella 

B. BucKLBT. With Maps and Tables. Gl. 8vo. 8s. 
BURY.— A HISTORY OF THE LATER ROMAN EMPIRE FROM ARCADIUS 
TO IRENE, A.D. 895-800. By John B. Burt, M.A., Fellow of Trinity College, 
Dublin, 2 vols. 8vo. 82s. 
ENGLISH STATESMEN, TWELVE. Cr. 8vo. 2s. 6d. each. 
William the Conqueror. By Edward A. Freeman, D.C.L., LL.D. 
Henry IL By Mrs. J. R. Green. 
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KowABD I. By F. ToBK FownL. [/« pnpadxi^ 

HBniT TIL By Jamb Oairdnxr. 

Gardihal Wounr. By Profatior IL Okbiohtov. 

Blisabitb. By B. S. Buslt. [ Jn jpreporofif* 

OuTBB Obomwxlu By F&sdsrio Habbibov. 

William IIL By H. D. Traill. 

Walpolr. ByJomr Morlrt. 

Ohatbam. By John Hoblrt [In prepcmi^ 

Pm. By John Morlrt. [/n prqxantiei 

FKRL. By J. R. THX7R8I1RLD. iln ih* Pr& 

FSBXE.— Worki by John Fisks, formerly Lecturer on Philosophy at Ham:^ 

Uniyersity. 
THB ORinCAL FBRIOD IN AMIOIIGAN HIBTOBT, 1788-1789. Ex. c 

8vo. lOs. 6d. 
THB BBGINNIN08 OF NBW ENOLAND ; or, The Puritan Theocracy in is 

Relation! to Oiyil and Rellgloiu Liberty. Or. 8yo. 78. 6d. 
FREEMAN.— Works by Edward A. Fbrrxan, D.C.L., Regius Professor of Mode: 

History in the Uniyersity of Oxford, Ac. 
OLD ENGLISH HISTORT. With Maps. Ex. fcap. 8yo. ds. 
A SCHOOL HISTORY OF ROME. Gr. 8yo. [In prsportifvft 

METHODS OF HISTORICAL STUDT. 8ya 10s. 6d. 
THE CHIEF PERIODS OF EUROPEAN HISTORY. Six Lectuvs. Withe 

Essay on Greek Cities nnder Roman Role. 8yo. 10s. 6d. 
HISTORICAL ESSAY& First Series. 4th Ed. Syo. IDs. 6d. 
HISTORICAL ESSAYS. Second Series. 8d Ed., with additional Essays. 8tc. 

10s. 6d. 
HISTORICAL ESSAYS. Third Series. 8vo. 12s. 
THE GROWTH OF THB ENGLISH CONSTITUTION PROM THB EAIILIBS! 

TIMES. 4th Ed. Cr. Sya 5s. 
GENERAL SKETCH OF EUROPEAN HISTORY. Enlarged, with Maps, et& 

18mo. 8s. 6d. 
PRIMER OF EUROPEAN HISTORY. 18mo. Is. (History Primers.) 
FEIEDMANN.— ANNE BOLBYN. A Chapter of English History, 1527-1536. B; 

Paul Frisdmamn. 2 yols. 8yo. 28s. 
FYPPB.— A SCHOOL HISTORY OF GREECE. By C. A. Fyfpr, M.A., late 

Fellow of Uniyersity College, Oxford. Cr. 8yo. [In pr^paralioi- 

GBEBN.— Works by John Richard Grskn, LL.D., late Honorary Fellow a' 

Jesus College, Oxford. 
A SHORT HISTORY OF THE ENGLISH PEOPLE. New and Revised Ed. 

With Maps, Genealogical Tables, and Chronological Annals. Cr. 8yo. 88. 6i. 

150th Thousand. 

Also the same in Fonr Parts. With the corresponding portion of Mr. Taif i 
"Analysis." Crown 8vo. 8s. each. Part I. 607-1266. Part II. 1204-155S. 
Part IIL 1540-1689. Part IV. 1660-1878. 

HISTORY OF THE Bit^GLISH PEOPLE. In four yds. 8yo. 16s. each. 

Vol. I.— Early England, 449-1071 ; Foreign Kings, 1071-1214 ; The Cttiarter. 
1214-1291 ; The Parliament, 1807-1461. With 8 Maps. 

Vol. II.—The Monarchy, 1461-1640 ; The Reformation, 1640-1608. 

VoL IIL— Puritan England, 1608-1660 ; The Reyolution, 1660-1688. With four 

Maps. 
Vol. IV.— The Revolution, 1688-1760; Modem England, 1760-1815. With 

Maps and Index. 

THB MAKING OP ENGLAND. With Maps. 8yo. 16s. 

THB CONQUEST OF ENGLAND. With Maps and Portrait. 8yo. ISs. 

ANALYSIS OF ENGLISH HISTORY, based on Green's "Short History of th« 
English People." By C. W. A. Tait, M.A., Assistant Master at Clifton College. 
Crown 8yo. 8s. 6d. 
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READINGS FROM BNOLISH HISTORT. Selected and Bdited by Johh 
RiOHABD Gbsen. Three Parts. 01. 8yo. Is. 6d. each. I. Hengist to Greasy, 
n. Gressy to GromwelL III. Gromwell to Balaklava. 

aUBST.— LBOTURBS ON THE HISTORT OF ENGLAND. By M. J. Guest. 
With Maps. Or. 8yo. 6s. 

BISTORIOAL COURSE FOR SCHOOLS.— Bdited by E. A. Freeman, D.C.L, 
Regius Flrofessor of Modem History in the University of Oxford. 18mo. 
GBNBRAL SEBTOH of EUROPEAN HISTORY. By B. A. Freeman, 
D.O.L. New Ed., revised and enlarged. With Chronological Table, Maps, and 
Index. 88. 6d. 

HISTORT OF ENGLAND. By Edith Thompson. New Ed., revised and 

enlarged. With Coloured Maps. 2s. 6d. 
HISTORY OF SCOTLAND. By Margaret Magarthttr. 2s. 

HISTORT OF ITALT. By Rev. W. Hunt, M.A. New Ed. With Colonred 
Maps. 88. 6d. 

HISTORT OF GERMANT. By J. Sime, M.A. New Ed., revised. Ss. 
HISTORT OF AMERICA. By John A. Dotbb. With Maps. 4s. 6d. 

HISTORT OF EUROPEAN COLONIES. By E. J. Patns, M.A. With Maps. 

4s. 6d. 
HISTORT OF FRANCE. By Charlotte M. Tonoe. With Maps. 8s. 6d. 
HISTORT OF GREECE. By Edward A. Freeman, D.CL. [InprepanOUm. 
HISTORT OF ROME. By Edward A. Freeman, D.C.L. [In preparation. 

BISTOBY PBIMEBS.— Edited by John Richard Green, LL.D. 18ino. Is. each. 
ROME. By Rev. M. Creiohton, M.A., Dixie Professor of Ecclesiastical 

History in the University of Cambridge. Maps. 
GREECE. By C. A. Ftffb, M.A., late Fellow of University College, Oxford. 

Maps. 
EUROPE. By E. A. Freeman, D.C.L. Maps. 
FRANCE. By Charlotte M. Tonoe. 

GREBE ANTIQUITIES. By Rev. J. P. Mahatft, D.D. Illnstrated. 
CLASSICAL GBOGRAPHT. By H. F. Tozbr, M.A. 
GEOGRAPHT. By Sir G. Grove, D.C.L. Maps. 
ROMAN ANTIQUITIES. By Prot Wilkins, Litt.D. lUostrated. 

HOLE.— A GENEALOGICAL STEMMA OF THE KINGS OF ENGLAND AND 
FRANCE. By Rev. C. Hole. On Sheet. Is. 

JENNINGS.— CHRONOLOGICAL TABLES. A synchronistic arrangement of 
the events of Ancient History (with an IndexX By Rev. Arthur C. 
Jennings. 8vo. 6s. 

LABBEBTON.— NEW HISTORICAL ATLAS AND GENERAL HISTORT. By 
R. H. Labberton. 4to. New Ed., revised and enlarged. 15s. 

LETHBBIDGE.— A SHORT MANUAL OF THE HISTORT OF INDIA. With 
an Acconnt of India as it is. The SoiL Climate, and Productions; the 
People, their Races, Religions, Public Works, and Industries; the Civil 
Services, and System of Administration. By Sir Roper Lethbridoe, Fellow 
ofthe Calcutta University. With Maps. Gr. 8vo. 5b. 

MAHAFFT.— GREEK LIFE AND THOUGHT FROM THE AGE OF ALEX- 

ANDBR TO THE ROMAN CONQUEST. By Rev. J. P. Mahafft, D.D., 

Fellow of Trinity College, Dublin. Or. 8vo. 12s. 6d. 

THE GREEK WORLD UNDER ROMAN SWAT. From Plutarch to Polybiua. 

By the same Author. Or. 8vo. [In Hie Press, 

MARRIOTT.— THE MAKERS OF MODERN ITALT : Mazzini. Cavour, Gari- 
baldi. Three Lectures. By J. A. R. Marriott, M. A.. Lecturer in Modem 
History and Political Economy, Oxford. Or. 8vo. Is. 6d. 

MIOHELET.— A SUMMART OF MODERN HISTORT. Translated by M. C. M. 
Simpson. G1. 8vo. 48. 6d. 

NOBGATE.— ENGLAND UNDER THE ANGEVIN KINGS. By Kate Nobgatb. 
With Maps and Plans. 2 vols. 8vo. 828. 
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THB GOSPBL AOOOBDING to Bt. MATTHBW. Being the Greek Text c 
reylMd by Bishop Wewoott and Dr. Hobt. With Intxodnotioii and Notes I? 
Bey. A. Slomak, M.A., Heedmuter of Birkenhead SchooL Fcap. 8to. Sa. 6d. 

THB GOSPBL ACOOBDING to St. HABK. Being the Greek Text as revised 
bj Biahop WnrooTT and Dr. Hort. With Introduction and Notes by Ber. J- 
O. F. MuuiaT, M.A., Laotuor at Bmmannel College, Cambridge. Fcap. 8m 

THB GOSPBL AOGOBDING to St. LUKB. Being the Greek Text as revised 
by Biahop Wutoott and Dr. Hobt. With Introduction and Notes by Bev. 
JoHK Bond, H.A. {In preparatioiL 

THB ACTS OF THB APOSTLBS. Being the Greek Text as reyised by Bishop 
Wsstoott and Dr. Hort. With Bxplanatory Notes by T. B. Paos, M.A, 
Assistant Master at the Charterhouse. Fcap. 8vo. 48. 6d. 
aWATKIN.-<IHUBCH HISTOBT TO THB BBGINNING OF THE MXDDLE 
AGBS. By H. M. Qwatkiv, If .A. 8vo. [In preparatioTi. 

HABDWIGK.— Works by Archdeacon Habdwick. 
A HISTORT OF THB CHRISTIAN CHURCH. Middle Age. From Qiegory 
the Great to the Bxcommunication of Luther. Bdited by W. Stubbs, D.D. 
Bishop of Oxford. With 4 Maps. Cr. 8yo. lOs. 6d. 
A HISTOBT OF THB CHRISTIAN CHURCH DURING THB REFORMA 
TION. 9th. Ed. Bdited by Bishop Stubbs. Cr. 8yo. lOs. 6d. 
HOOLB.— THB CLASSICAL BLBMBNT IN THB NEW TESTAMENT. ConsideRd 
as a proof of its Genuineness, with an Appendix on the Oldest Authorities nsei 
in the Formation of the Canon. By Chablbs H. Hoolb, M jL, Student of Chiisi 
Church, Oxford. Svo. 10s. 6d. 
JENNINQS AND LOWB.— THB PSALMS, WITH INTRODUCTIONS AM 
CRITICAL NOTES. By A. C. Jbnninos, M.A. ; assisted in parts by W. E 
LowK, M.A. In 2 vols. 2d Ed., revised. Cr. Svo. lOs. 6d. each. 
KIBKPATRIOK.— THB MINOR PROPHETS. Warburtonian Lectures. 6; 
Rev. Prof. Kibkpatbick. [In preparation. 

KUENEN.— PENTATEUCH AND BOOK OF JOSHUA: an Historico - Critical 
Inquiry into the Origin and Composition of the Hexateuch. By A. Kuenek. 
Translated by P. H. Wickstsed, M.A. Svo. 148. 
UGHTFOOT.— Works by the Bight Bey. J. B. Liohtvoot, D.D., late Bishop of 
Durham. 
ST. PAUL'S EPISTLE TO THB GALATIANS. A Bevised Text, with Introduc- 
tion, Notes, and Dissertations. 9th Ed., revised. 8yo. 12s. 
ST. PAUL'S EPISTLB TO THE PHILIPPIANS. A Revised Text, with Intro- 
duction, Notes, and Dissertations. 9tii. Ed., revised. Svo. 128. 
ST. CLEMENT OP BOMB— THE TWO EPISTLES TO THB COBINTHIANS. 
A Bevised Text, with Introduction and Notes. 2 Vols. Svo. [In the Press. 
ST. PAUL'S EPISTLES TO THE COLOSSIANS AND TO PHILEMON. A 
Bevised Text, with Introductions, Notes, and Dissertations. 8th Bd., revised. 
8vo. 12s. 
THB APOSTOLIC FATHBBS. Part II. ST. IGNATIUS— ST. POLYCARP. 
Revised Texts. With Introductions, Notes, Dissertations, and Translations. 
2d Ed. 8 vols. Svo. 48s. 
THE APOSTOLIC FATHBBS. Abridged Edition. With short Introductions, 
Greek Text, and English Translation. Svo. [In th* Press. 

ESSAYS ON THB WORK ENTITLED "SUPERNATURAL RELIGION." 
(Reprinted fh)m the Coniemporary Review), Svo. 10s. 6d. ' 
MAOI^AB.— Works by the Rev. G. F. Maclxab, D.D., Warden of St. Augustine's 
College, Canterbury. 
BLBMENTABY THBOLOGICAL CLASS-BOOKS. 
A SHILLING BOOK OF OLD TESTAMENT HISTORY. With Map. ISma 
A SHILLING BOOK OF NEW TESTAMENT HISTORY. With Map. ISma 
These works have been careftilly abridged fh)m the Author's large tn^Ti^fi* 
A CLASS-BOOK OF OLD TESTAMENT HISTORY. Maps. ISmo. 4s. 6d. 
A CLASS BOOK OF NEW TESTAMENT HISTORY, including the Gonnectioo 
of the Old and New Testaments. With maps. ISmo. 6s. 6d. 
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AN INTBODUOTION TO THB THIBTY-NINB ABTIGLBS. 18mo. 

AN INTBODUOTION TO THB CREEDS. 18mo. 2s. 6d. ^^* ^ ^*^- 

A CLASS-BOOK OP THB CATECHISM OP THB CHURCH OP ENGLAND. 
18ino. Is. 6d. 

A FIRST CLASS-BOOK OF THB CATECHISM OF THB CHURCH OP 
ENGLAND. With Scripture Proofs. ISmo. 6d. 

A MANUAL OF INSTRUCTION FOR CONFIRMATION AND FIRST COM- 
MUNION. WITH PRAYERS AND DEVOTIONS. 82mo. 2s. 

MAURICE.— THE LORD'S PRAYER, THE CREED, AND THE COMMAND- 
MENTS. To which is added the Order of the Scriptures. By Rev. P. .D. 
Maurice, M.A. 18mo. Is. 

THE PENTATEUCH AND BOOK OF JOSHUA: an Historico- Critical Inquiry 
into the Origin and Composition of the Hexateuch. By A. Kukvkn, Professor 
of Theology at Leiden. Translated by P. H. Wicksteed, M.A. 8yo. 14s. 

PROCTER.— A HISTORY OF THB BOOK OF OOMMON PRAYER, with a Ration- 
ale of its Offices. By Rev. F. Pbooteb. 18th Ed., revised and enlarged. 
Cr. 8yo. lOs. 6d. 

PROCTER AND MAOLBAR.— AN ELEMENTARY INTRODUCTION TO THB 
BOOK OF COMMON PRAYER. Re-arranged and supplemented by an Ex- 
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the Communion Service and the Confirmation and Baptismal Offices. 18mo. 
28. 0d. 

THE PSALMS^ WITH INTBODUCTIONS AND ORITIOAL NOTES. By A. C. 
Jennings, M.A., Jesus College, Cambridge ; assisted in parts by W. H. Lows. 
M.A., Hebrew Lecturer at Christ's College, Cambridge. In 2 vols. 2d Ed., 
revised. Cr. 8vo. 10s. 6d. each. 

ElAMSAY.— THB CATBCHISBR'S MANUAL ; or, the Church Catechism IlluB- 

trated and Explained. By Rev. Abthub Ramsay. 18mo. Is. 6d. 
RYLB.— AN INTRODUCTION TO THB CANON OF THB OLD TESTAMENT. 

By Rev. H. E. Rtle, Hulsean Professor of Divinity in the University of Cam- 
bridge. Cr. 8to. [In preparation. 
SIMPSON.— AN BPITOMB OF THE HISTORY OF THB CHRISTLdiN CHURCH 

DURING THB FIRST THREE CENTURIES, AND OF THB REFORMATION 

IN ENGLAND. By Rev. Wiluam Simpson. 7th Ed. Fcap. 8vo. Ss. 6d. 
ST. JAMES' EPISTLE.— The Greek Text with Introduction and Notes. By Rev. 

Joseph Mayor, M. A., Professor of Moral Philosophy in King's College, London. 

8vo. [In the Press. 

ST. JOHN'S EPISTLES.— The Greek Text, with Notea and Essays. By Right Rev. 

B. F. Wbstoott, D.D., Bishop of Durham. 2d Ed., revised. 8vo. 12s. 6d. 
ST. PAUL'S EPISTLES.— THB EPISTLE TO THE ROMANS. Edited by the 

Very Rev. C. J. Vauohan, D.D., Dean of Llandaff. 6th Ed. Cr. 8vo. 78. 6d. 
THB TWO EPISTLES TO THB CORINTHIANS, A COMMENTARY ON. By 

the late Rev. W. Kay, D.D., Rector of Great Leghs, Essex. 8vo. 9s. 
THB BPISTLE TO THE GALATIANS. Edited by the Right Rev. J. B. 

LiOHivooT, D.D. 0th Bd. 8vo. 12s. 
THB EPISTLES TO THB BPHESL^NS, THE COLOSSL^NS, AND PHILB- 

MON ; with Introductions and Notes, and an Essay on the Traces of Foreign 

Elements in the Theology of these Eplstites. By Rev. J. Llewelyn Daviss, 

M.A. 8vo. 7s. 6d. 
THE BPISTLE TO THB PHILIFPIANS. By the Right Rev. J. B. Liohtioot, 

D.D. 9th Ed. Svo. 12s^ 

THE EPISTLB TO THB PHILIPPIANS, with Translation, Paraphrase, and 

Notes for English Readers. By the Very Rev. C. J. Vaughan, D.D. Cr. 8vo. 6b. 
THE EPISTLB TO THB COLOSSIANS AND TO PHILEMON. By the Right 

Rev. J. B. LioHTFOOT, D.D. 8th Ed. Svo. 12s. 
THE BPISTLE TO THB THESSALONIANS, COMMENTARY ON THB GREEK 

TEXT. By John Baor, D.D. Edited by Rev. W. Young, M.A., with Preface 

by Prof. Oairnb. Svo. 12s. 
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THE EPIBTLB TO THE HEBREWS.— In Greek and Bnglish. With Oritlcil and 

Explanatory Notes. Edited by Rev. F. Bkndall, M.A. Gr. 8vo. 6s. 
THE ENGLISH TEXT, WITH COMMENTARY. By the same Editor. Gi. 

8to. 7s. 6d. 
THE GREEK TEXT. With Notes by 0. J. Yauqhax, D.D., Dean of Uandaff. 

Or. 8vo. 7s. 6d. 
THE GREEK TEXT. With Notes and Essays by Bishop Wkbtoott, D.D. 

8yo. 14s. 

WB8T0OTT.— Works by the Right Rev. Bbooks Fobs Wbstoott, D.D., Bishop of 

Dorham. 
A GENERAL SURVEY OF THE HISTORY OF THE CANON OF THE NEW 

TESTAMENT DURING THE FIRST FOUR CENTURIES. 6th Ed. With 

Preface on " Supernatural Religion." Or. 8vo. lOs. 6d. 
INTRODUCTION TO THE STUDY OF THE FOUR GOSPELS. 7th Ed. 

Cr. 8vo. lOs. 6 d. 
THE BIBLE IN THE CHURCH. A Popular Account of the Collection and 
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THE EPISTLES OF ST. JOHN. The Greek Text, with Notes and Essays 

2d Ed., revised. 8vo. 12s. 6d. 
THE EPISTLE TO THE HEBREWS. The Greek Text, with Notes and Essays. 

8vo. 14s. 
SOME THOUGHTS FROM THE ORDINAL. Cr. 8vo. Is. 6d. 

WBSTOOTT AND HOET.— THE NEW TESTAMENT IN THE ORIGINAL 
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Introduction and Appendix. 
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WILSON.— THE BIBLE STUDENT'S GUIDE to the more Correct Understanding 
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Hebrew. By William Wilson, D.D., Canon of Winchester. 2d Ed., careftilly 

revised. 4to. 25s. 
WRIGHT.— THE COMPOSITION OF THE FOUR GOSPELS. A Critical Bn- 

2uiry. By Rev. Arthxtb Wbioht., M.A., Fellow and Tutor of Queen's Allege, 
lambridge. Cr. 8vo. 5s. 

WRIGHT.— THE BIBLE WORD-BOOK: A Glossary of Archaic Words and 
Phrases in the Authorised Version of the Bible and the Book of Common 
Prayer. By W. Alois Wbight, M.A., Vice-Master of Trinity College, Cam- 
bridge. 2d Ed., revised and enlarged. Cr. 8vo. 7s. 6d. 

YONGE.— SCRIPTURE READINGS FOR SCHOOLS AND FAMILIES. By 
Charlottb M. Yonoe. In Five Vols. Ex. fcp. 8vo. Is. 6d. each. With 
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FiBST Sbbies. — Genesis to Deutebonomt. Second Sbbibs. — From Joshua to 
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